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ABSTRACT 
Heterogeneous photocatalysis is an advanced oxidation technology 
widely applied in environmental remediation processes. It is a relatively 
safe and affordable technology with a low impact on the environment and 
has found applications in a number of fields from chemical engineering, 
construction and microbiology to medicine. It is not catalysis in the real 
sense of the word as the photons which initiate the desired photocatalytic 
reaction are consumed in the process. The cost of these photons is by far 
the limiting economic factor in its application. From a technical 
standpoint, the inefficient use of the aforementioned photons during the 
photocatalytic reaction is responsible for the limited adoption of its 
application in industry. This inefficiency is characterised by low quantum 
yields or photonic efficiencies during its application. The mechanism of 
the technique of controlled periodic illumination which was previously 
proposed as a way of enhancing the low photonic efficiency of TiO2 
photocatalysis has been investigated using a novel controlled 
experimental approach; the results showed no advantage of periodic 
illumination over continuous illumination at equivalent photon flux. When 
the technique of controlled periodic illumination is applied in a 
photocatalytic reaction where attraction between substrate molecules 
and catalyst surface is maximum and photo-oxidation by surface-trapped 
holes, {TiIVOH•}+ads is predominant, photonic efficiency is significantly 
improved. For immobilized reactors which usually have a lower 
illuminated surface area per unit volume compared to suspended catalyst 
and mass transfer limitations, the photonic efficiency is even lower. A 
novel photocatalytic impeller reactor was designed to investigate 
photonic efficiency in gas–solid photocatalysis of aromatic volatile organic 
compounds. The results indicate photonic efficiency is a function of mass 
transfer and catalyst deactivation rate. The development of future 
reactors which can optimise the use of photons and maximize photonic 
efficiency is important for the widespread adoption of heterogeneous 
photocatalysis by industry. 
 
Titanium dioxide, Photocatalysis, Advanced oxidation process, Mass transfer, 
Mathematical modelling, Photonic efficiency, UV-LED, UV-VIS spectroscopy, 
Reactor engineering, Methyl orange. 
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CHAPTER I 
1. ENVIRONMENTAL POLLUTION AND REMEDIATION 
1.1. Introduction 
Environmental pollution is the introduction of substances (pollutants) 
having anthropogenic or natural origins into the environment in amounts 
high enough to adversely affect the usefulness of a resource and cause 
harm to ecological systems and living resources1, 2. The pollutants can be 
physical or chemical in nature and are therefore measured less 
accurately when released into the environment. About five million 
different chemicals have been synthesized in the last 46 years and over 
40,000 of these chemicals are used extensively in a variety of products 
often with limited toxicological information on them3. The expansion and 
growth of the chemical manufacture and process industries as a result of 
surging global demand for their products, has led to public concern and 
consciousness of the presence of chemicals in the environment. The 
continuous introduction of contaminants into the natural environment; 
air, land/soil and water has rightly heightened concerns about 
environmental pollution and elevated its status to that of a clear and 
present danger to biodiversity, habitats and climate. As the world’s 
population exceeds seven billion4, increased demand for energy/fuel, 
land and water resources, mostly in urban areas5, will lead to greater 
amounts of waste released into the environment. Some of the 
contaminants released into the environment quickly diffuse in the wind or 
are easily diluted by water reducing their concentrations while in some 
cases they remain intact and through gradual build-up, reach levels 
where remediation actions are required for their removal and the 
restoration of polluted areas6. 
Chemical pollutants are discharged into the environment through point 
sources or nonpoint sources (NPS)/diffuse. The Scottish Environment 
Protection Agency (SEPA) defines point source discharge as the release 
of pollutants or effluents into the natural environment via an outlet, pipe, 
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fixed installation or otherwise7. Point sources are usually identifiable and 
discernable and the term derives from its use in mathematical modelling 
where the sources can be approximated to a mathematical point for 
simplification of analysis. Non-point sources on the other hand refers to 
the release of effluents and potential pollutants from different activities 
which individually are not likely to have an effect on the environment, 
but the release is at a scale large enough to have a significant impact7. 
The pollutants might originate from a point source, but the distance 
travelled and multiple sources make it non-point/diffuse pollution and 
hence very difficult to regulate. 
1.2. Pollution of Soil, Water and Air 
The components of the natural environment; soil, water and air are 
generally susceptible to pollution. This pollution can have natural or 
anthropogenic sources and affect these components in different ways. 
1.2.1. Soil 
Soil/land naturally is a heterogeneous assembly of materials which form 
a porous media; it consists of degrading organic matter and mineral 
particles having different shapes and sizes. Soil pollution occurs when 
pollutants of any origin accumulate in the soil medium, thereby altering 
the natural soil equilibrium usually as a result of human activity8. 
Materials that pollute the soil are majorly of four types9: 
 Inorganic toxic compounds – Industrial activity is a major source 
of toxic wastes such as arsenic, lead and cadmium. 
 Organic wastes – Organic wastes are usually from domestic 
sources, industrial waste and municipal sewage which are 
improperly disposed. 
 Organic pesticides – Pesticides used in agricultural activities which 
do not decompose rapidly can accumulate to high concentrations 
which are toxic, these eventually get washed by erosion and run-
off and find their way into aquatic organisms which are taken in as 
food. 
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 Radionuclide – Radioactive wastes are the primary sources of 
radionuclide, these wastes usually come from nuclear power 
plants, mining plants of radioactive minerals, hospitals and medical 
research laboratories. 
1.2.2. Water 
Approximately 75 per cent of water/marine pollution globally, is a direct 
consequence of human activities on land; most effluents, sediments, 
pesticides, thermal pollution and nutrients discharged into water bodies 
come from land-based sources and activities such as farming, sewage, 
forestry and mining3. Sources of water pollution usually contain a range 
of compounds, leading to complex effects on ecosystem processes. Some 
types of water pollution include: 
 Organic pollution – This results from large amounts of organic 
matter being discharged into a watercourse or water body. A 
major source of organic pollution is sewage from sewage 
treatment plants. 
 Eutrophication – This refers to the addition of nutrients to a water 
body during the breakdown of organic matter, burning of fossil 
fuels or agricultural run-off. Excessive amount of nutrients can 
lead to algal blooms, dense growth of weeds and changes in fish 
species10. 
 Acidification – Acids find their way into waterbodies usually as a 
result of precipitation as acid rain, burning of fossil fuels or run-off 
from soil within the catchment area2. 
 Thermal pollution – The major source of thermal pollution of water 
bodies is the discharge of cooling water from power plants. The 
temperature increase alters the water body in terms of oxygen 
concentration, density and metabolism of organisms2. 
Other pollutants include oil from spills, radioactivity from radioactive 
waste and toxic chemicals from industries. 
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1.2.3. Air 
Air pollution is caused by the presence in ambient atmosphere, of 
pollutants that exist either in the particulate or gaseous form, in 
sufficient concentration to reduce air quality and cause harm to living 
organisms11, 12. Examples of pollutants in the gaseous form include ozone 
and carbon dioxide; their concentrations are usually expressed as volume 
mixing ratio (parts per million or billion) or mass per unit volume of air 
(µg m-3). Pollutants in the particulate form vary in composition and size, 
ranging from nanometres to micrometres in diameter, they include liquid 
droplets and solid particles and their concentrations are also determined 
in mass per unit volume (µg m-3). When these pollutants are released 
into the atmosphere, they are referred to as primary air pollutants; when 
they are formed within the atmosphere, they are referred to as 
secondary air pollutants13. 
Sources of air pollution can be natural or anthropogenic, while sulphur 
dioxide can be released into the atmosphere through the combustion of 
coal, oil or sulphur ores by man, it can also be released naturally through 
volcanoes. In the UK, road transportation, agricultural waste and power 
generation are major sources of air pollutants (fig. 1.1).  
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Figure 1.1: Anthropogenic sources of common air pollutants in the UK by 
sector (2001)13. 
Apart from volcanoes, natural emissions can fluctuate significantly within 
a year, but not from year to year and are rarely concentrated within a 
geographical location. Anthropogenic emissions on the other hand have 
been on a steady increase as a result of population growth and industrial 
expansion, they cause pollution problems not because of the magnitude 
of emission but because of the concentration in urban areas with large 
population sizes12. To understand the sources of primary air pollutants, it 
is important to know how they are formed and released into the 
environment (Table 1.1). 
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Table 1.1: Sources of primary air pollutants and their mode of 
formation12, 13. 
POLLUTANT ANTHROPOGENIC SOURCE NATURAL SOURCE 
Sulphur dioxide 
(SO2) 
Combustion of coal, oil, 
roasting of sulphide ores 
Volcanoes 
Hydrogen 
sulphide (H2S) 
Chemical processes, Sewage 
treatment 
Volcanoes, bioactions in 
swamps 
Carbon monoxide 
(CO) 
Automobile exhausts, 
incomplete combustion of fossil 
fuels 
Forest fires, terpene reaction 
Nitrogen dioxides 
(NO2) 
Combustion 
Bacterial action in soils, 
electrical storms 
Ammonia Waste decay Biological decay 
Nitrous oxide 
(N2O) 
Indirectly from use of 
nitrogenous fertilizers 
Biological action in soils 
Carbon dioxide 
(CO2) 
Combustion 
Biological decay, ocean 
release 
Volatile organic 
compounds 
(VOCs) 
Combustion of fuels, chemical 
processes, evaporation of 
liquid fuels, incineration 
processes 
Vegetation, forests fires, 
volcanoes 
Particulates 
Combustion of fuels, quarrying, 
construction and demolition 
Volcanoes 
 
1.3. Atmospheric pollution from the oil and gas industry 
The oil and gas industry is a multi-billion pound sector responsible for 
exploration, extraction, refining, distribution and marketing of oil and gas 
products. These products are vital to many industries and the sector is a 
major source of revenue to many countries where it is heavily subsidized 
14, 15. The UK oil and gas industry is particularly important because of its 
advancement in the areas of design engineering, project management, 
R&D, asset management and financial services. As a result, a number of 
operators have moved their European headquarters (EHQ) and 
headquarters (HQ) to the UK16. Oil production in the North Sea is 
expected to continue for another 30 to 40 years with a potential for 
about £25 billion in investments still to come and $10 billion in oil and 
gas services and equipment being exported yearly16. This industry 
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however has come under intense scrutiny for its contribution to 
environmental pollution. The atmospheric pollutants emitted by the 
activities of the oil and gas industry include but are not limited to VOCs, 
SO2 and CH4 but the most important of these emissions are NOX and CO2. 
1.4. Impacts of atmospheric pollution on the environment 
Among the many problems caused by atmospheric pollution, three are of 
great significance: 
i) Acid precipitation 
The emission of SO2 and NOx from the combustion of fossil fuels is the 
primary cause of acid precipitation. When emitted, these emissions can 
be transported over great distances in the atmosphere resulting in 
precipitation (dew, rain or snow) that is unusually high in nitric and 
sulphuric acid17. Some of the well known effects of acid precipitation 
include acidification of streams, rivers, lakes and groundwater leading to 
damage of agricultural crops/forests, death of marine life and 
deterioration of building materials. The awareness of the effects of these 
compounds particularly with regard to regional and trans-boundary 
effects has brought about growing concern and interests in the 
contribution other atmospheric pollutants such as volatile organic 
compounds (VOCs), chlorides and ozone may be having in acid 
precipitation18. 
ii) Greenhouse effect 
The greenhouse effect is a major cause of global warming, continued 
increase in concentration of greenhouse gases such as CH4, ozone, CO2, 
CFC and NOX in the atmosphere result in more heat being trapped and 
this leads to the increase in average temperature of the earth. The 
aforementioned greenhouse gases are particularly dangerous because 
they do not undergo condensation and precipitation in the atmosphere19. 
VOCs are not directly responsible for the greenhouse effect, but 
contribute indirectly by taking part in photochemical reactions which lead 
to ozone formation in the troposphere and they also prolong the 
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residence time of CH4 in the atmosphere. The eventual consequence of 
increasing concentrations of greenhouse gases is climate change, 
consequences of which include changes in rainfall patterns, extreme 
weather events and global warming. 
iii) Stratospheric ozone depletion 
The presence of a layer of ozone between altitudes 12 and 25 km helps 
to prevent excessive solar radiation from the sun reaching the earth. The 
ozone layer plays an equilibrium-maintaining role by absorbing ultraviolet 
(UV) and infrared (IR) radiation from the sun20. One of the environmental 
impacts of atmospheric pollution from the oil and gas industry is the 
depletion of the stratospheric ozone layer by CFCs and NOx emissions. A 
depleted stratospheric ozone layer will lead to increased UV radiation 
reaching the earth and this can cause increased rates of eye damage and 
skin cancer to humans and also harm other biological species. 
1.5. Volatile organic compound (VOC) emissions from the oil and 
gas industry 
The oil and gas industry plays a major role in atmospheric pollution 
through the emission of volatile organic compounds (VOCs). VOCs are an 
empirically defined group of carbon compounds excluding metallic 
carbides or carbonates, carbon monoxide, ammonium carbonate, carbon 
dioxide, and carbonic acid; VOCs generally have the following 
characteristics21, 22: 
 Have small specific gravity, low molecular weight, water solubility 
and boiling point. 
 Include aromatic and aliphatic hydrocarbons, alcohols, ketones, 
halocarbons and aldehydes. 
 Their analysis usually involves the use of mass spectrometry and 
gas chromatography. 
The UK Department for Environment, Food and Rural Affairs (DEFRA) 
lists over 60 non-methane volatile organic compounds (NMVOC) from oil 
refineries alone in the UK National Atmospheric Emissions Inventory 
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(NAEI)23. In 2001, the amount of VOCs generated onshore and offshore 
in the UK industry alone reached a total of 190,461 tonnes and the trend 
shows a yearly increase24. Prominent among the VOCs emitted by the oil 
and gas industry are benzene, toluene, ethylbenzene and xylene (BTEX). 
1.5.1. Sources of VOC emission 
The primary sources of VOC emissions in the oil and gas industry include; 
venting and flaring of gases from production facilities, vapour 
displacement during the loading and unloading of oil tankers, fugitive 
emissions from flanges, pumps and valves, particulates from burning 
during well testing and the storage of volatile materials25. From an 
environmental standpoint, the destruction and elimination of VOCs is 
important for many reasons, many VOCs are toxic with some having 
mutagenic and carcinogenic health effects at certain levels of exposure26, 
27. The greatest problem associated with VOCs is their direct involvement 
in the formation of ground-level ozone, the primary constituent of smog 
when they react with oxides of nitrogen (NOx) in the presence of 
sunlight26, 28. They also take part directly or indirectly in the formation of 
organic particulate matter. 
1.5.2. Benzene, toluene, Ethylbenzene and Xylene (BTEX) 
volatile organic compounds 
BTEX is a generic term used to describe a group of compounds (Benzene, 
Toluene, Ethylbenzene and Xylene) which are all related to benzene 
including benzene itself. They are sweet-smelling, colourless liquids 
which vapourise easily at room temperature. These compounds are 
soluble in organic solvents but have limited solubility in water. Their 
volatile properties ensures any release into the environment ends up in 
the atmosphere where they react with other air pollutants such as NOx 
resulting in the formation of photochemical smog or ground level ozone. 
At normal concentrations, the BTEX compounds pose no environmental 
risk but become moderately toxic to aquatic life at higher 
concentrations29. Human exposure to BTEX at normal environmental 
concentrations pose no health risks, at higher concentrations for short 
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exposure, health risks are also unlikely. Long-term exposure to BTEX at 
high concentration however, can pose serious risks to human health such 
as headaches, dizziness, liver and kidney damage, irritation of the eyes 
and nose, exacerbation of respiratory conditions like asthma and brain 
damage. Benzene is the most hazardous of the four compounds; it is a 
known carcinogen which has been identified as a cause of leukaemia 30 
and as a result benzene is listed as a "priority substance" for the 
proposed Water Framework Directive in the EU.  
1.5.3. Beneficial uses of BTEX compounds 
The BTEX group of compounds are very important petrochemical 
materials and therefore have beneficial uses. Demand for benzene which 
is the building block of the BTEX compounds was estimated at more than 
40 million tonnes in 201031. In the oil and gas sector, they are used in 
processing refined petroleum products, toluene and xylene are used as 
solvents in blending petrol while drilling companies regularly employ 
these compounds in their hydraulic fracturing treatments. Outside the oil 
and gas industry, toluene is used in fingernail polish, paint, paint 
thinners, adhesives, lacquers and leather tanning processes. 
Ethylbenzene is primarily used as an intermediate in manufacturing 
styrene monomer and as a diluent in paint. Xylene is used in the printing 
ink industry, polyester fibre, perfumes, as a cleaning agent and in 
pesticide formulations.  
As a result of the hazardous effects of the BTEX compounds, there is an 
ongoing effort by operators in the oil and gas industry to move their 
operations away from the use of BTEX compounds to less hazardous 
compounds such as terpenes. 
1.5.4. Role of VOCs in the formation of photochemical smog 
In the 19th century, the combustion of large amounts of coal within a city 
led to the formation of smog having SOx and particulate components. In 
recent times, activities of the oil and gas industry, vehicular emissions 
from internal combustion engines and other industrial fumes are mostly 
responsible. There now exists qualitative and quantitative understanding 
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of the atmospheric chemistry of VOCs in the formation of ground-level 
ozone and eventually photochemical smog. 
The essential precursors of ground-level ozone (O3) are VOCs and NOx. 
VOCs in the atmosphere are transformed by photolysis, reaction with NOx 
or reaction with OH radical. Cardelino and Chameides32 developed an 
observation-based model which showed the sensitivity of local O3 
production to the concentration of VOCs and NOx emissions in the 
environment. In the presence of sunlight, reaction with NOx leaves 
behind airborne particles, converts NO to NO2 and the formation of 
ground-level ozone, this combination is referred to as photochemical 
smog33.  
1.5.5. Removal of VOCs from the atmosphere  
Eventually, VOCs will be removed from the atmosphere through the 
natural processes of wet and dry deposition, conversion to secondary 
organic aerosols (SOA) or oxidation to CO/CO2(fig. 1.2)34.  
 
 
Figure 1.2: Mass-balance estimate of global budget of atmospheric VOCs. 
(Arrows indicate fluxes, units = Tg C/yr)34. 
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This removal can follow two pathways; oxidation leads to the formation 
of CO2 usually through CO or the production of highly soluble compounds 
that are transformed into SOAs and removed through wet and dry 
deposition. 
1.5.6. Regulation to control VOC emission 
The quality of air in a country or region is affected by the emission of air 
pollutants into the atmosphere, their dispersion, reaction and deposition. 
These substances can have direct impacts or impacts as a result of 
reacting together. For the adequate protection of ambient air quality in 
the UK, a number of policy instruments have been introduced at the 
European (EU) level and the national level (UK)35. At the European level, 
there are currently twenty directives on protecting the environment36, 
the Integrated Pollution Prevention and Control (IPPC) Directive aims to 
reduce, eliminate and prevent pollution from industrial and agricultural 
activities37, 38. This is implemented by regulating how the industrial sites 
operate, the kind of technology used, emissions to air, land and water, 
and how any waste produced is managed36. The Air Quality Framework 
Directive was adopted to set a common strategy for member nations by 
identifying a number of air quality objectives for specific pollutants39, the 
“stage one” directive covers the control of VOC emissions during 
transportation to retail outlets and at major terminals, this will be further 
extended to cover other sources from the oil and gas industry39. 
1.5.7. Techniques and Technologies for VOC destruction 
The focus of this research is on the destruction and elimination of VOCs 
through TiO2 heterogeneous photocatalysis and how it can be improved 
to a level where it is applicable in industry, but it is important to be 
aware of other available techniques for VOC destruction. Destruction of 
VOCs by industry is done in two major ways; oxidation and bio-filtration. 
VOCs can be oxidized in a number of ways including thermal oxidation, 
reverse flow reactor in which flow direction is periodically reversed for 
energy savings and catalytic oxidation40. Thermal oxidation systems are 
also known as fume oxidation systems, they can achieve 95% to 99% 
destruction of virtually all VOCs by combusting these VOCs at 
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temperatures as high as 704 °C – 982 °C40. Catalytic oxidation systems 
combust VOCs in a similar manner to thermal oxidation, but the catalytic 
system is operated at a lower temperature between 371 °C – 482 °C40. 
Oxidation is achievable at this low temperature because of the lowering 
of the activation energy required for the reaction by the catalysts. These 
two systems though effective, consume a lot of energy. Reverse flow 
reactors on the other hand can oxidize VOCs through an auto thermal 
process without an external energy supply, the disadvantage however, is 
the complexity in design and high initial investment and maintenance 
cost. Bio-filtration on the other hand involves the conversion of organic 
pollutants, under aerobic conditions, to water, bio-mass and carbon 
dioxide40. It is mostly effective when the organic pollutant is in low 
concentration.  
The use of photocatalytic oxidation; an advanced oxidation process is an 
alternative oxidation process currently receiving a lot of attention in the 
remediation of pollutants including VOCs, and it involves heterogeneous 
photocatalysis using semiconductors as photocatalysts. Heterogeneous 
photocatalysis does not require the high energy input thermal and 
catalytic oxidation requires, but it requires some energy to provide the 
light which initiates the oxidation reaction. 
1.6. Advanced Oxidation Processes (AOPs) 
Over the years, it has been observed that certain pollutants cannot be 
treated by biological and conventional treatment methods because of 
their high chemical stability or strong resistance to mineralization; in 
such cases, it is necessary to adopt a more reactive system. A special 
class of oxidation processes defined as advanced oxidation processes 
which operate at ambient temperature and pressure have gained 
prominence as alternative treatment methods. Advanced oxidation 
processes are characterized by a unique chemical feature common to 
them: the production and exploitation of highly reactive OH radicals 
which drive the oxidation process by attacking most organic molecules 
with rate constants in the range 106-109 M-1 s-1 41, 42. They are also 
characterized by the selectivity of attack and versatility in the variety of 
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ways OH radicals are produced43. The several possibilities of advanced 
oxidation processes are shown in the list below22: 
 
                                H2O2/Fe2+                     (Fenton) 
                                 TiO2/UV                     (Photocatalysis) 
                              O3/UV/H2O2 
                                H2O2/UV 
Heterogeneous photocatalysis is one of the advanced oxidation 
processes, it involves processes in which reactions or molecular 
transformations which are photo-induced, take place on the surface of 
photocatalysts44. Semiconductors are suitable as photocatalysts because 
they do not possess a continuum of electron states like metals instead, 
they have a void region called the band gap, with no energy levels that 
extends from the top of the valence band to the bottom of the conduction 
band44. Heterogeneous photocatalysis is said to have taken place if after 
excitation, the semiconductor remains unchanged while the charge 
transfer to any adsorbed species is exothermic and continuous44. 
Photocatalysis can be divided into two types with respect to where the 
initial excitation takes place; when photoexcitation first occurs in the 
adsorbate molecule which then interacts with the catalyst substrate in 
the ground state, it is called a catalyzed photoreaction; when the catalyst 
substrate is photoexcited and then transfers an electron to a molecule in 
the ground state, it is referred to as a sensitized photoreaction44. 
However, most heterogeneous photocatalytic reactions involving TiO2 as 
a catalyst are sensitized reactions. 
1.6.1. Titanium dioxide (TiO2) photocatalysis 
There are earlier reports on TiO2 photocatalysis before 1972 however, 
scientific research in this field was popularised over three decades ago 
with photo-electrochemical conversion of solar energy for hydrogen 
production but later shifted into the environmental remediation of 
pollutants45, 46. In 1972, a study by Fujishima and Honda47 reported the 
photocatalytic decomposition of water by UV-VIS light into oxygen and 
hydrogen using TiO2 and platinum electrodes without any externally 
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applied voltage. The water splitting was sustained by keeping the TiO2 
and platinum electrodes apart and the equation for the reaction is as 
follows: 
                                  TiOଶ ൅ 2݄ݒ  ՜ 2݁ି ൅ 2݄ା                             (1.1)                
                       HଶO ൅ 2݄ା  ՜   ଵଶ Oଶ ൅ 2Hା ሺat TiOଶ electrodeሻ                (1.2) 
                            2Hା ൅  2݁ି  ՜  Hଶ ሺat Pt electrodeሻ                       (1.3) 
                       The overall reaction is                                
                               HଶO ൅  2݄ݒ  ՜   ଵଶ Oଶ ൅ Hଶ                                 (1.4) 
Heterogeneous photocatalysis has received a great deal of interest over 
the years, since the discovery of the Honda-Fujishima effect, with the 
most cited review paper48 having over 12600 citations since 1995 and 
the total literature in heterogeneous photocatalysis exceeding 5000 
papers49 as at 2005 now more than doubles that figure. This field (fig 
1.3) has now experienced an increase in the number of citations and 
patents and this growing number of papers and patents is as a result of a 
high level of engineering and commercial interest in its applications. 
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Figure 1.3: Estimated number of TiO2 photocatalysis manuscript per year 
according to: water treatment ( ); air treatment ( ); self cleaning 
surfaces ( )50. 
Extensive research has been conducted to understand its fundamental 
processes and applications with several reviews by Hoffman et al.48, 
Linsebigler et al.44, Fox and Dulay51, McCullagh et al.52, and Fujishima et 
al.45, 53. Some other applications of TiO2 photocatalysis include 
disinfection, prevention of metal corrosion and lithography.  
1.6.2. Titanium dioxide catalysts 
Titanium dioxide is an oxide of titanium which is naturally occurring. It is 
one of the most widely studied and used photocatalyst alongside 
cadmium sulphide (CdS) and Zinc oxide (ZnO) because it has a high 
photocatalytic activity which is now used as a benchmark for other 
photocatalysts51. Despite its high photocatalytic activity, one of the 
drawbacks to the use of TiO2 is its wide band-gap which makes it absorb 
photons in the UV range alone and therefore unable to utilize visible light 
for photocatalysis54-56. Small band gap photocatalysts like CdS are able to 
utilize visible light but are unstable and photodegrade over time, self-
oxidation in CdS and ZnO causes photocorrosion of the semiconductor, a 
phenomenon which TiO2 is resistant to51, 57.  
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Generally, TiO2 exists in three forms; rutile, anatase and brookite with 
rutile being the most stable and common form (fig. 1.4). Degussa 
(Evonik) P25 TiO2 catalyst, a commercially available TiO2 produced from 
high temperature flame hydrolysis of TiCl4 is a mixture of anatase and 
rutile in the ratio 70:30 has been widely investigated as a photocatalyst. 
It exhibits a high activity in photocatalytic reactions, is commonly used in 
photocatalysis research and has been accepted as the de-facto standard 
by the research community58-60. It is nonporous, has a crystal size of 30 
nm in 0.1 µm diameter aggregates and has a surface area of about 55 
m2 g-1. 
 
Figure 1.4: Structure of rutile and anatase TiO2. Used with permission 
from44. Copyright (1995) American Chemical Society. 
TiO2 is ideal for photocatalysis for several reasons; it is inexpensive, 
chemically and biologically inert, photo-stable, non-toxic and produces 
highly oxidizing photogenerated holes and highly reducing 
photogenerated electrons which can reduce dioxygen to superoxide53. 
1.6.3. Mechanism of semiconductor photocatalysis 
The band structure of a semiconductor exists as a series of energetic, 
tightly packed energy levels associated with atoms exhibiting covalent 
bonding which make up the valence band and another series of similar 
energetic levels which are spatially diffuse and at a higher energy, 
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associated with conduction in the conduction band51. The size of the 
energy gap (Ebg) (fig. 1.5) between the valence and the conduction band 
is responsible for the electrical conductivity of the semiconductor in its 
undoped state and its wavelength sensitivity to irradiance51. 
 
Figure 1.5: Energy bands in solids: (a) insulator; (b) semiconductor; (c) 
conductor. 
When light of energy greater than or equal to the band gap is incident on 
the semiconductor, photo-excitation occurs, promoting an electron from 
the valence to the conduction band leaving behind a hole (h+) i.e. an 
electron vacancy51, 61.  Figure 1.6 (a) shows the pathways of the 
photogenerated electron and hole which can either recombine dissipating 
energy as heat, become trapped in a metastable state or take part in 
reduction and oxidation of surface-adsorbed and bulk substrates51, 61. 
Figure 1.6 (b) shows oxidation process of VOCs using TiO2. Since photo-
oxidation is by far, the most typical of photocatalytic reactions (because 
conduction band electrons have significantly lower reducing powers 
relative to oxidizing powers of valence band holes), photo-degradation of 
organic compounds usually employ the oxidizing power of holes (h+) or 
hydroxyl radical (OH•), build-up of negative charge should be prevented 
by the provision of reducible species the electrons can react with48. 
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(b) 
 
Figure 1.6: (a) Charge-carrier pathways. Used with permission from45. 
Copyright (1995) American Chemical Society. (b) Schematic of TiO2 UV 
photocatalytic oxidation process of VOCs73. 
Hoffmann et al.48 have proposed characteristic times for the primary 
processes of heterogeneous photocatalysis on TiO2 based on 
measurements of laser flash photolysis, the characteristic times for the 
primary processes are shown in table 1.2. 
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Table 1.2: Characteristic times of primary processes in heterogeneous 
photocatalysis of TiO248. 
PRIMARY PROCESS CHARACTERISTIC TIMES 
Charge-carrier generation 
܂ܑ۽૛ ൅ ࢎ࢜ ՜ ܐܞ܊ା ൅ ܍܋ି܊ 
 
Very fast (fs) 
Charge-carrier trapping 
ܐܞ܊ା ൅൐ ܂ܑ۷܄۽۶ ՜ ሼ܂ܑ۷܄۽۶•ሽା 
܍܋ି܊ ൅ ܂ܑ۷܄۽۶ ՞ ሼ܂ܑ۷۷۷۽۶ሽ 
܍܋ି܊൅൐ ܂ܑ۷܄ ՜ ܂ܑ۷۷۷ 
 
Fast (10 ns) 
Shallow trap (100 ps)(dynamic equilibrium) 
Deep trap (10 ns) (irreversible) 
Charge-carrier recombination 
܍܋ି܊ ൅ ሼ൐ ܂ܑ۷܄۽۶•ሽା ՜ ܂ܑ۷܄۽۶ 
ܐܞ܊ା ൅ ሼ൐ ܂ܑ۷۷۷۽۶ሽ ՜ ܂ܑ۷܄۽۶ 
 
Slow (100 ns) 
Fast (10 ns) 
Interfacial charge transfer 
ሼ൐ ܂ܑ۷܄۽۶•ሽା ൅ ܀܍܌ ՜൐ ܂ܑ۷܄۽۶ ൅ ܀܍܌•ା 
܍ܜିܚ ൅ ۽ܠ ՜ ܂ܑ۷܄۽۶ ൅ ۽ܠ•ି 
 
Slow (100 ns) 
Very slow (ms) 
In Table 1.2, TiIVOH is the hydrated surface TiO2, ecb- is the conduction-
band electron, etr- is the trapped conduction-band electron, hvb+ is the 
valence-band hole, Red is the reductant (electron donor), Ox is the 
oxidant (electron acceptor), {>TiIIIOH} is a surface-trapped conduction-
band electron and {>TiIVOH•}+ is the valence-band hole trapped at the 
surface or surface-bound hydroxyl radical.  
1.7. Overview of gas phase photocatalysis 
The photocatalytic degradation of pollutants in the gas phase has been 
widely reported in the literature for a wide variety of organic compounds 
which include aromatics, aliphatics, phenols, dyes, pesticides, 
surfactants48, 59, 62-64. Gas phase photocatalysis research however, has 
received less attention when compared to the aqueous phase up until 
2009. A number of reasons could be responsible for this, notably the fact 
that the pioneer researchers were from the electrochemistry community, 
a common feeling that air is a free resource which has no cost and is 
readily available50 and also the complexity of gas phase 
experiments/reactor design. Interest in gas phase photocatalysis began 
to grow around 1996 with the most activity coming from the industrial 
and commercial community with the annual number of patents in 
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photocatalytic air treatment surpassing that from water treatment in 
1997(fig. 1.7) while the scientific community continued to focus on and 
produce more scientific publications on water treatment (fig. 1.3)50. 
(a) 
 
(b) 
 
Figure 1.7: (a) Estimated number of patents on TiO2 photocatalysis per 
year according to: water treatment ( ), air treatment ( ), self cleaning 
surfaces ( ); (b) distribution of patents according to: water treatment, 
air treatment and self cleaning surfaces50. 
1.7.1. Photocatalytic oxidation of gas phase aromatic 
contaminants 
The complete oxidation of organic pollutants to produce CO2 and H2O is 
one of the important advantages of photocatalytic oxidation using TiO262, 
65, this can however, be hindered by the low photocatalytic reactivity and 
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photocatalyst deactivation by aromatic contaminants concentrations as 
low as 10 ppm. Research into the improvement of the yield and 
selectivity of the oxidation of aromatic compounds has increased over the 
years; one area of improvement has been in the design of photoreactors 
with the aim to obtain the greatest yield possible by providing strictly 
controlled conditions for the photocatalytic oxidation of pollutants. 
Another area of improvement has been advancement in the 
understanding of photocatalyst deactivation. It is now known that this 
phenomenon which is caused by the poisoning effects of strongly 
adsorbed oxidized intermediates66, 67, does not occur when contaminants 
are present in trace amount and is prominent in single-pass fixed-bed 
photoreactors68. 
1.7.2. Reactor development for gas phase heterogeneous 
photocatalysis 
The removal of volatile organic compounds using heterogeneous 
photocatalysis is a surface reaction which must proceed in the following 
manner; first, the VOC molecule must be transported to the catalyst 
surface. Secondly, redox reactions taking place on the surface of the 
catalyst degrade the VOC molecule. For the required photocatalytic 
reaction to proceed in this manner, an environment/enclosure known as 
a photocatalytic reactor must be provided. Thus, for gas phase 
photocatalysis, the most important parameters for a reactor are the 
illuminated surface area of catalyst, convective mass transfer rate of 
gaseous molecule and the kinetic rate of reaction. 
1.7.3. History of photoreactor design 
The first contribution to photoreactor design can be traced to Bhagwat 
and Dhar69 who studied the effects of stirring on reaction rate. They 
applied Lambert’s law with a constant attenuation coefficient to a flat 
plate reactor and obtained an expression for light absorption, Ia;  
                             ܫ௔ ൌ ܫ௪ሺ1 െ ݁ିஜ௦ሻ                                          (1.5) 
If Ω which is the reaction rate is proportional to n-power of light      
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                                           Ω = k1ሼூೢሺଵି௘షಔೞሻ௦ ሽ௡                                                   (1.6) 
The above equation holds for the reaction if it is completely mixed, the 
authors proposed an equation for incomplete mixing where; 
                           Ω’ = ௞భ௡௦ ܫ௪௡μ௡ିଵሺ1 െ ݁ିஜ௡௦)                                (1.7) 
If the absorption of light is very high, ݁ିஜ௦ ՜ 0, and the ratio of the rates 
is: 
                                 ΩΩᇲ ൌ ݊ሺμݏሻଵି௡                                          (1.8) 
If light absorption is low, ݁ିஜ௦ ՜ ሺ1 െ μݏ), and 
                                     ΩΩᇲ ൌ 1                                                (1.9) 
where Ia is the volumetric rate of light absorption, n is order of reaction, 
Ω is the local reaction rate, k1 is a kinetic constant, s is the path length of 
light, µ is the attenuation coefficient and w is the reactor wall 
The above equations and experimental observations have led to the 
following conclusions which are still valid eighty years after; 
 If the rate is first order with respect to light absorption (n=1), 
then stirring has no effect on the rate (compare 1.6 and 1.7). 
 If n < 1, stirring increases the average rate. 
 For high light absorption media, an increase in the speed of 
stirring results in a decrease in apparent activation energy for n ് 
1. 
 For low light absorption media or nearly transparent media, there 
is no effect of stirring on the activation energy. 
The second generation of design studies commenced with a review by 
Doede and Walker70, opening the door for complementary studies and 
research activity centred on photoreactor analysis and design. Reactor 
design and analysis was approached from the point of view that the point 
values of reaction rates are not intrinsically uniform and are different 
from the global ones in most cases. 
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1.7.4. Reactor configurations for VOC treatment 
A highly efficient gas phase reactor should have a high specific surface in 
order to have a large reaction area, uniform irradiation from UV light 
source and low air velocity for high mass transfer. The structure of the 
reactor usually consists of the UV source and the reaction structure which 
supports the catalyst and air flow channels. However, in most reactor 
design configurations reported in the literature (fig.1.8), the UV source 
and reaction structure are not designed as a single unit. This leads to 
reactive or diffusive limitations, incomplete reaction and low VOC 
removal efficiency in the desired photocatalytic oxidation reaction71. 
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Figure 1.8: Gas phase reactor configurations reported in the literature72. 
Despite the many advantages of photocatalysis for destroying VOCs, it 
has not been widely adopted in industrial practice for reasons including 
(i) a lack of suitable design procedures and reactor models, (ii) 
insufficient information on the physical and chemical parameters73. 
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Cassano et al.74 identified other important reasons that point to reactor 
design, these include (i) limitations in size, (ii) operation of the lamp and 
maintenance difficulties, (iii) difficulties in construction, (iv) deposits on 
the reactor wall which affect light penetration (v) configuration, 
behaviour and lifetime of light source. For gas-solid heterogeneous 
photocatalysis, the four most widely reported configurations in the 
literature are monoliths, packed bed, catalytic walls and fluidised bed 
photoreactors75. For batch reactors however, a fixed bed configuration 
may not provide adequate interaction between the reactants of the gas-
solid system, that is; photocatalyst, pollutant and photons in particular 
because of the reduction of light intensity as it passes through the bed. 
1.7.5. Aromatic contaminants of interest 
Some of the most widely used and simplest group of aromatic 
compounds are benzene (C6H6), toluene (C6H5CH3), ethylbenzene 
(C6H5C2H5), and xylene; [o-xylene, p-xylene and m-xylene (C6H4(CH3)2)]. 
Collectively, they are known as the BTEX compounds and are common air 
pollutants because of their widespread use in adhesives, industrial 
solvents, chemical manufacture, paints76, 77. The four compounds are 
classified as hazardous substances with benzene being a known 
carcinogen therefore having the lowest permissible exposure limit of 1 
ppm. 
Studies by Boulamanti et al.78 have shown that the molecular structure of 
the BTEX compounds plays a significant role in their photo-oxidation 
reaction rates. All six compounds were treated with Degussa P25 and 
while toluene had the highest adsorption rate and ethylbenzene the least, 
toluene had a lower reaction rate than ethylbenzene meaning a higher 
adsorption rate does not always translate to higher reaction rate. Overall, 
the compounds were stable under direct photolysis, benzene had the 
least photo-oxidation rate while m-xylene was the easiest to oxidize and 
all six compounds showed a substantial deactivation of the photocatalyst.  
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1.8. Research overview 
The reason for limited application of heterogeneous photocatalysis in 
industry is due to the low efficiency of the process in both aqueous and 
gas phase photocatalysis. This research will involve aqueous and gas 
phase studies of heterogeneous photocatalytic reactions. The various 
parameters affecting the photocatalytic photonic efficiency will be 
investigated under varying conditions. The research methodology will 
include experimental and theoretical studies, engineering design and 
analysis of a reactor and the organic synthesis of catalysts. 
1.8.1. Research aim 
The central theme of this thesis is the photonic efficiency of 
heterogeneous photocatalytic reactions. The aim of this research is to 
study all the parameters that affect photonic efficiency in both aqueous 
and gas phase photocatalysis under both continuous and intermittent 
illumination; the photonic efficiency gives an indication of how efficiently 
incident photons which initiate the photocatalytic process are utilized and 
ways to enhance and optimize it will be studied.  
1.8.2. Research objectives 
The objectives of the research are as follows;  
First, heterogeneous photocatalysis under Controlled Periodic Illumination 
(CPI) will be studied extensively in the aqueous phase using a dye 
compound and the designed photoreactor. This study will provide an 
understanding of the mechanism of the CPI effect that has been reported 
as a means of enhancing photonic efficiency. 
Secondly, the results of the first objective will provide information on 
how to optimize the photonic efficiency. This possibility will be 
investigated in the aqueous phase and provide a deeper understanding of 
factors affecting photonic efficiency. 
The third objective involves theoretical studies of photocatalytic 
efficiency; theoretical models will be employed in studying and 
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comparing photonic efficiency and quantum yields. This objective will 
also validate the results from the experimental study. 
The fourth objective is the design and construction of a novel 
photoreactor for gas phase photocatalysis, this photoreactor will have an 
immobilized configuration as well as some features of the initial 
prototype such as the use of UV-LEDs as source of illumination.  
The last objective is the operation and evaluation of the designed 
photoreactor in the photo-oxidation of an aromatic BTEX VOC; an 
investigation of several factors affecting the performance of this reactor 
will be carried out and their influence on photonic efficiency will be 
investigated. 
1.8.3. Organisation of the thesis 
The thesis consists of a total of five chapters which explore the research 
title and provide detailed results and discussion of how the set objectives 
were achieved. The chapters include an introduction and conclusion. 
Chapter one is the introductory chapter, it gives an overview of the 
research by putting it in the context of environmental pollution, its 
sources, the various types and legislative control by national and regional 
governments. It also introduces heterogeneous photocatalysis using TiO2 
as a means of environmental remediation and presents a summary of 
this area of research over the years. The chapter concludes with the 
research objectives and a justification of the methodology used in 
achieving them. 
Chapter two investigates the mechanism of controlled periodic 
illumination (CPI). This technique was previously proposed as a way of 
enhancing the low photonic efficiency of TiO2 photocatalysis. This chapter 
investigates CPI using a novel controlled experimental approach and also 
compares it with continuous illumination for a full understanding of its 
mechanism and effect.  
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Chapter three is concerned with how to optimize photonic efficiency since 
the enhancements from CPI alone are not sufficient. Certain factors 
necessary for optimum photonic efficiency are studied in detail using 
laboratory experiments. The effect on photonic efficiency when CPI is 
applied with these factors in place is also investigated. Theoretical 
models related to photonic efficiency under CPI are also evaluated and 
experimental results from chapter two are reproduced and validated. 
Chapter four is the conceptualization, design and evaluation of a novel 
photoreactor for gas phase photocatalysis. The photonic efficiency of VOC 
degradation is studied and correlated with other parameters unique to 
VOCs in the gas phase. The focus of the chapter is on the evaluation of 
the reactor’s performance considering its novel immobilized 
configuration. 
Chapter five is the concluding chapter which summarises the findings in 
the thesis, how the objectives were met, the contributions of the 
research and recommendations for future work. 
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CHAPTER II 
2. MECHANISM OF CONTROLLED PERIODIC ILLUMINATION 
2.1. Introduction 
Generally, photo-driven processes such as photography, photochemical 
splitting of water, photocatalysis and photosynthesis are preceded by 
photo-induced charge separation. The incident photons that initiate this 
process in photocatalysis are however, not efficiently used and the 
competition between recombination of charge carriers and their reaction 
with adsorbed reactants is the major event limiting the photoefficiency of 
the process79. Large scale photocatalytic treatment systems have to be 
efficient in the utilization of photons and be more economical to be able 
to compete with other relatively cheap methods of purification such as 
adsorption on activated carbon which do not destroy the pollutants 
completely. 
2.1.1. Efficiency of the Photocatalytic process 
In photocatalytic degradation studies (homogeneous and 
heterogeneous), the efficiency of the photocatalytic process is referred to 
as the quantum yield, which can be defined as the number of molecules 
changed divided by the number of absorbed photons, assuming all 
photons are absorbed by the catalyst and losses due to light scattering 
are negligible48, 51. For a species i, the quantum yield ߮ is: 
                               ߮ݔ௜ ؠ േሺௗሾ௑೔ሿ/ௗ௧ሻబௗሾ௛௩ሿೌ್ೞ/ௗ௧                                     (2.1)       
Where 
 ߮ݔ݅ is the quantum yield for xi  
 d[xi]/dt is the initial rate of formation or degradation of xi  
 d[hv]/dt is the rate of photon absorption by the catalyst 
When determining the quantum yield or efficiency, a combination of the 
total pathway probabilities for the hole and electron must be considered, 
for an ideal system, the quantum yield is directly proportional to the rate 
31 | P a g e  
 
of charge transfer processes (kCT) and is inversely proportional to the 
sum of both bulk and surface electron-hole recombination rate (kR) and 
the charge transfer rate (kCT) and is given by the following equation 
(2.2): 
                                        φ α  ௞಴೅௞಴೅ା ௞ೃ                                         (2.2) 
Diffusion of the products into the solution is assumed to be rapid without 
the reverse reaction of reduction by electrons and oxidation by holes. In 
the absence of recombination, quantum yield will have an ideal value of 1 
for photocatalytic processes. However, in real systems, recombination 
occurs and the concentration of holes and electrons at the surface is not 
equal.  
2.1.2. Enhancement of photocatalytic efficiency 
A lot of effort has been directed at understanding the fundamental and 
engineering aspects of TiO2 photocatalysis with the primary aim of 
improving its efficiency. Previous studies have shown that quantum 
yields in dilute aqueous suspensions are usually below ~10% while 
quantum yields of oxidation of organic species in the gas phase exceed 
50% under weak UV illumination80, 81. Various methods of improving 
efficiency have been studied; Disdier et al.82 employed metal 
semiconductor modification which increases efficiency by trapping 
electrons in platinum modified TiO2, thus suppressing electron-hole 
recombination. Jiang et al.83 demonstrated the enhancement of 
photocatalytic efficiency by an extra electric field across the 
semiconductor photocatalyst, the electric field promotes the separation of 
electron-hole pairs and prevents their recombination. Sczechowski et 
al.84 recorded a 500% increase in the photonic efficiency of formate 
decomposition through controlled periodic illumination (CPI).  
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2.1.3. Controlled periodic illumination (CPI) 
Under continuous illumination, a steady supply of photons is provided for 
the photocatalytic oxidation reaction; this results in low quantum yields 
during the process85. Controlled periodic illumination (CPI) is based on a 
series of alternate light and dark periods (Ton/Toff) and has been 
previously reported as a means of increasing the photonic efficiency and 
improving the conversion rate of reactants or formation of products in 
TiO2 photocatalysis84-87. It is based on a hypothesis by Sczechowski et 
al.84 who hypothesized that continuous introduction of photons may 
result in the build-up of charges and photogenerated intermediates such 
as superoxide ion and hydroxyl radicals (fig. 2.1). These intermediate 
species are involved in the photocatalytic oxidation of the organic 
substrate but can also participate in reactions that favour electron-hole 
recombination resulting in a low efficiency of the oxidation process. It 
was suggested that periodically illuminating the TiO2 particle at short 
intervals would inhibit the build-up of intermediates and reduce the rate 
of recombination reactions.  
 
 
Figure 2.1: Schematic diagram of CPI of methyl orange showing Ton and 
Toff. 
Sczechowski et al. suggested photons are not needed for the rate-
limiting step to take place and after a critical dark recovery period, 
33 | P a g e  
 
photons should be introduced again. For their experiment, they used a 
channel photoreactor shown in figure 2.2, with a total system volume of 
750 mL, 3 g of TiO2 catalyst and 6 mL concentrated sodium formate 
solution so that the reactant mixture had an initial concentration of 50 
ppm of total organic carbon (TOC). A 40 W black light was used to 
provide different light and dark times by wrapping sections of the bulb in 
aluminum foil. The length of the unwrapped sections was taken to be the 
illumination time as the reactant mixture flowed underneath the light 
source. They reported an increase in the photonic efficiency of the 
oxidation of formate ion in the aqueous phase by 500% with an 
illumination time of 72 ms and dark recovery time of 1.45 s.  
 
Figure 2.2: The channel photoreactor used by Sczechowski et al.84. 
The essence of the hypothesis is that under continuous illumination of 
TiO2 suspension, there is a build-up of charges and this leads to 
recombination of electron-hole pairs which eventually diminish the 
efficiency of the photocatalytic process. Periodically illuminating the 
catalyst will generate a very limited amount of electron-hole pairs and 
help prevent the build-up of these species thereby increasing efficiency.  
This hypothesis was also investigated by Stewart and Fox87, they studied 
the effect of varying the dark recovery time on the photonic efficiency of 
the photocatalytic oxidation of 1-octanol and photocatalytic reduction of 
p-nitroacetophenone in a non-aqueous media, using Degussa P25 TiO2. 
They reported a 1.8 fold improvement in the net photonic efficiency of 1-
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octanol oxidation to octanal but no improvement in the reduction of p-
nitroacetophenone to p-aminoacetophenone and suggested that a dark 
recovery time between intermittent excitation lowers the steady state 
concentration of the adsorbed intermediates and helps prevent charge 
carrier recombination which is detrimental to efficiency.  
2.1.4. Novel approach to the investigation of controlled 
periodic illumination 
In recent years, there has been tremendous progress in LED lifetime, 
illumination efficiency and total lumen output88. This new generation 
high-bright UV-LEDs can be electronically controlled, allowing variable on 
and off times on a millisecond time-scale. Consequently these sources 
may be more effective for CPI than incandescent lamps which cannot be 
turned on and off alternately at a similar time-scale therefore requiring 
the use of complex mechanical shutters89. Furthermore, using an 
electronic controller, it is possible to independently control the Ton and 
Toff, hence varying the photon absorption time and the time for rate 
limiting steps in the photocatalytic process. These LEDs could potentially 
be utilised in large scale reactors allowing periodic illumination to be used 
in such processes. Such application of periodic illumination would be 
more challenging using traditional UV irradiation sources as incorporation 
of mechanical shutters in such reactors would require more complex 
engineering and hence cost.   
This chapter investigates the effect of light and dark time periods on 
photonic efficiency of methyl orange and rose bengal degradation by 
employing a controlled experiment approach using a novel UV-LED 
illuminated photoreactor. The LEDs used in this study have a narrow 
emission spectrum with a peak at 360 nm (appendix A.8), unlike 
conventional UV lamps which have broad emission spectra over a range 
of wavelengths. Methyl orange and rose bengal were selected for the 
study because they show virtually no absorption of the UV light emitted 
from the LEDs. This ensured that a photocatalytic process was solely 
responsible for the dye degradation and not photolysis as exhibited by 
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dyes such as acid red 51 which easily degrade by photolysis under broad 
UV illumination90. 
2.2. Experimental methods and materials 
Photocatalytic oxidation experiments were carried out in the aqueous 
phase using a prototype photoreactor. Two compounds were involved in 
the study and the experimental conditions remained the same for each 
experiment. 
The two reagents used in the study were methyl orange (MO) and rose 
bengal (RB), they were supplied by Sigma-Aldrich and used as received. 
Calibration plots for these compounds were prepared with their 
absorption spectra measured at the highest peaks (Appendix A.1) using a 
Perkin Elmer Lambda 950 UV/VIS spectrometer (fig. 2.3). Degussa P25 
which is a powdered catalyst having nanaoparticles of 30 nm and 
consisting of crystalline anatase and rutile in the ratio 80:20 was 
supplied by Evonik and used in all experiments as received. The UV-LEDs 
used in the study were supplied by AP Technologies and characterized in 
the lab to determine their optimum operation parameters with a 
Coherent fieldmaster GS and LM-2UV power sensor.  
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 (a) 
 
 (b) 
 
Figure 2.3: Calibration plots of (a) methyl orange dye and (b) rose 
bengal dye. 
For all the experiments, samples of 1 mL were taken in triplicate with a 
syringe and filtered using a 0.45 µm syringe filter and then centrifuged 
with an Eppendorf centrifuge 5410 for approximately 10 minutes to 
separate the powdered catalyst from the sample.  
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2.2.1. Experimental setup 
The experimental setup for the study involved a designed prototype 
photoreactor which allows for the high frequency pulsing of the UV-LED 
light source. The pulsing of the LEDs for periodic illumination was 
controlled by an astable multivibrator; this digital pulsing circuit was 
designed to operate at a range of duty cycles therefore generating 
different pulse widths (Appendix A.7). The photoreactor unit was 
designed using the LEDs connected on stripboards, with six LEDs on each 
strip and affixed around a PMMA tube; this unit (fig. 2.4) was connected 
to the astable multivibrator and powered by a Farnell TOPS/2 power 
supply unit.  
 
Figure 2.4: Lighting scheme of designed photoreactor. 
The photoreactor was placed on a magnetic stirrer with a 250 mL beaker 
placed within the interior of the photoreactor, serving as the reaction 
vessel, the TiO2 suspension along with the compound to be degraded 
were stirred continuously in the beaker during the experiments with an 
Ikamag RCT magnetic stirrer. The circular array of LEDs provided 
illumination from all directions with the magnetic stirrer ensuring the 
fluidization of the reaction mixture. Figure 2.5 shows a schematic 
diagram of the experimental setup. 
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Figure 2.5: Schematic diagram of experimental setup; 1. reaction vessel, 
2. stir bar, 3. UV-LEDs attached to outer tube, 4. magnetic stirrer, 5. 
electric wire connection, 6. pulsing circuit, 7. power supply, 8. aerial view 
of photoreactor. 
2.2.2. Optimisation of photoreactor  
The photoreactor unit was optimized with respect to the UV light intensity 
required for the methyl orange degradation, catalyst loading and 
operating hours. The optimum parameters of the photoreactor were 
chosen with their impact on photonic efficiency taken into consideration.  
 UV-LED light output  
First of all, it was important to ensure the LEDs’ light output stability, this 
was tested in an experiment lasting over six hours to ensure their 
suitability for the experiments (fig. 2.6). An LED was connected to a 
power supply and the light beam was directed to a photodiode which 
generates a voltage based on the intensity of light incident on the 
sensor. 
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Figure 2.6: FoxUV LEDs stability test over six hours. 
The results show this voltage was stable over an operation period of six 
hours indicating no drop in light intensity or loss of efficiency due to 
overheating of the LEDs. This is consistent with the manufacturer’s life 
test data on the datasheet which showed stability over 1200 hours91. 
 Optimum light intensity 
An experiment to determine the optimum light intensity for the operation 
of the reactor was carried out using the degradation reaction of methyl 
orange at different light intensities; methyl orange was chosen as the 
model pollutant because it is a common pollutant from the textile 
industry and it is very soluble in distilled water because of the presence 
of sulphonic groups in its structure92. It also undergoes either photo-
oxidation or reduction on illuminated TiO293 without the formation of 
intermediates which can interfere with the reaction. The intensity was 
varied by changing the number of strips of LEDs. Each strip had 6 LEDs 
with each LED having a radiant power of 435 µW. The result shown in 
figure 2.7 shows a linear increase in the percentage degradation up until 
six strips where the reaction becomes non-linear and approaches 
saturation. 
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Figure 2.7: Effect of light intensity on the photocatalytic degradation of 
methyl orange under 140 min of continuous illumination. 
At very weak light illumination, the reaction rate of methyl orange 
degradation is first-order i.e. increases linearly with increasing intensity 
but this is catalyst dependent, while at intermediate levels of 
illumination, the rate of reaction will increase with the square root of 
intensity (half order) and at high intensity, the rate is independent of the 
light intensity94, 95 such that when number of strips used is between 2 
and 6; 
                               r  I1, r = k[MO]                                     (2.3) 
but when number of strips used is greater than 6, it approaches 
                              r  I0.5, r = k[MO]2                                                      (2.4) 
Where r is the reaction rate, I is the light intensity, k is the reaction rate 
constant and [MO] is methyl orange concentration. This happens because 
at low light intensity, the predominant reaction is charge separation with 
a negligible amount of charge recombination but at intermediate levels of 
illumination, charge recombination competes with separation, this leads 
to low reaction rates. The light intensities at two, four and six strips were 
590 mWm-2, 1190 mWm-2 and 1780 mWm-2 respectively and these are 
low intensities relative to the reaction volume, concentration and loading. 
The intensity at eight strips on the other hand at 2370 Wm-2 is in the 
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medium intensity range, hence the non-linear relationship. For this 
reason, six strips were chosen as the optimum intensity for this 
photoreactor and were used in all experiments except where the lowering 
of the intensity was required. 
 Optimum catalyst loading 
Generally, kinetic studies on photocatalysis have shown that degradation 
reaction rates are directly proportional to the loading of the catalyst, but 
the reaction rate begins to decrease when the kinetic constant reaches a 
maximum value at a certain level of concentration and rate becomes no 
longer dependent on the dye concentration96. In order to determine the 
optimum loading of catalyst, experiments were carried out to determine 
the effect of TiO2 loading on methyl orange degradation (fig. 2.8). 
 
Figure 2.8: Effect of catalyst loading on methyl orange degradation. 
The results show an increase in degradation rate when the catalyst 
loading was increased from 1 g/L to 5 g/L, this is because the 
degradation of the dye molecules takes place on the TiO2 surface, 
therefore an increase in TiO2 loading results in an increase in the surface 
area of TiO2, leading to a higher degradation rate. The optimum loading 
was 5 g/L because of the monochromatic light emitted from the UV LEDs 
at 360 nm which is below the band gap energy of TiO2 hence, a greater 
light absorption rate by the catalyst. At loadings beyond 5 g/L, increase 
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in reaction rate is greatly reduced and this has been reported to be as a 
result of oxygen supply to the catalyst surface at high catalyst loading 
being the rate-limiting step97, also the turbidity of the solution increases 
with an increase in catalyst, leading to light scattering hence fewer 
particles undergo excitation. This decline in the rate of degradation at 
high loadings may also be as a result of the deactivation of already 
activated molecules when they collide with ground state molecules98 as 
well as the quantum yield approaching a value of φ =1. 
2.2.3. Photocatalytic degradation experiments 
The degradation experiments were carried out with 100 mL solution of 
model pollutant, TiO2 was suspended in the solution with a loading of 0.5 
g and a magnetic stirrer was used to fluidize the solution. Each 
experiment had duration of 170 minutes including 30 minutes of dark 
adsorption and sample aliquots of 1 mL were taken at regular intervals. 
Control experiments (Appendix A.3) were carried out for both TiO2 and 
UV light; the TiO2 control involved carrying out the pollutant degradation 
experiment under the same conditions in the absence of UV light while 
the UV control involved carrying out the same experiment in the absence 
of TiO2. This was necessary to ensure that degradation was 
photocatalytic and not just adsorption by the catalyst or photolysis by the 
UV light. The amount of degradation was determined using the 
equation95: 
                       % Degradation = ቂ 1 െ A౪Aబ ቃ x 100                         (2.5) 
Where A0 is the initial dye absorbance/peak area before degradation and 
At is the dye absorbance/peak area after time t. 
2.2.4. Determination of photonic efficiency 
The photonic efficiency, ζ of the photocatalytic degradation process was 
calculated as the rate of reaction of the photocatalytic degradation 
divided by the incident photon rate99, 100. 
                          ζ ൌ   Rୣୟୡ୲୧୭୬ ୰ୟ୲ୣ ሺM ௦షభሻI୬ୡ୧ୢୣ୬୲ ୮୦୭୲୭୬ ୰ୟ୲ୣ ሺM  ௦షభሻ                        (2.6)                  
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The reaction rate, r was calculated as change in concentration with time,  
                                         ݎ ൌ CభିCబT୧୫ୣ                                             (2.7) 
where C0 is the concentration at the start of illumination and C1 is the 
final concentration while the incident photon rate from the UV LEDs 
determined by the ratio of the total energy of the LEDs to the energy of a 
single photon was calculated to be 4.85 × 10-8 einsteins L-1 s-1. 
2.2.5. Photon controlled experimental approach 
Controlled experiments help to eliminate the uncertainties that may be 
associated with results of experiments. The experiments for studying the 
mechanism of controlled periodic illumination were designed in a 
controlled experiment fashion (Table 2.1 ) in order to increase confidence 
in the outcome of the study. 
Table 2.1: Photon controlled experimental approach used in the study. 
EXPERIMENT DEPENDENT 
VARIABLE
INDEPENDENT 
VARIABLE
CONTROLLED 
VARIABLE
1 Photonic Efficiency Ton/Toff Period 
2 Photonic Efficiency Toff / Period Ton 
3 Photonic Efficiency Ton / Period Toff 
The photonic efficiency remained as the dependent variable throughout 
the different sets of experiments, while the period, Ton and Toff each 
served as controlled variables in one set, and independent variable in 
other sets of experiments, hence providing a critical evaluation of their 
effects on photonic efficiency. 
2.3. Results and discussion 
2.3.1. Photocatalytic degradation of methyl orange 
The degradation of methyl orange (fig. 2.9) was studied under 
continuous illumination and CPI at different duty cycles and neutral pH, 
starting with an initial concentration of 2.5x10-5 M, a reaction pathway 
for MO degradation is proposed based on previous studies101-103.  
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Figure 2.9: Molecular structure of methyl orange. 
The TiO2 particles absorb UV light, leading to the generation of charge 
carriers. These photogenerated species have to be separated and trapped 
immediately otherwise recombination occurs, evolving energy as heat. 
                                     TiOଶ  ௛௩ሱሮ eୡୠି ൅ h୴ୠା                                      (2.8) 
                                      eୡୠି ൅ h୴ୠା ื ݄݁ܽݐ                                    (2.9) 
The generated holes trapped by the lattice oxygen are transferred to 
preadsorbed H2O or directly react with H2O/OH- to generate HO• free 
radical, the main oxidizing species which gets adsorbed on the TiO2 
particle. 
                                    OHୟୢୱି ൅ h୴ୠା ื HOୟୢୱ•                                  (2.10) 
                                HଶOୟୢୱ ൅ h୴ୠା ื HOୟୢୱ• ൅ Hା                           (2.3) 
Simultaneously, methyl orange molecules diffuse from the bulk solution 
to the surface of the TiO2 particle where it is adsorbed or attached to the 
preadsorbed H2O/OH-.  
                                   MOୠ୳୪୩ ֖ MO/TiOଶ                                    (2.4) 
                              MOୠ୳୪୩ ֖ MO/OHିሺHଶOሻ/TiOଶ                          (2.5) 
The adsorbed hydroxyl radical, HOୟୢୱ•  reacts directly with the adsorbed 
methyl orange or oxygen yielding a peroxy free radical which further 
reacts with methyl orange104.  
                     HOୟୢୱ• ൅ MOୟୢୱ ื peroxy free radical                       (2.6) 
                 HOଶ• ୟୢୱor HOଷ• ୟୢୱ ൅ MO௔ௗ௦ ื colourless product              (2.7) 
Figure 2.10 shows the percentage degradation of methyl orange 
increased as the duty cycle also increased. This increase is as a result of 
more photons being released into the reactor at higher duty cycles than 
at low duty cycles. This results in more charge-carriers generated 
45 | P a g e  
 
thereby producing more oxidizing species and consequently, a higher 
amount of degradation. 
 
Figure 2.10: Photocatalytic degradation of methyl orange under CPI at 
different duty cycles. 
2.3.2. Effect of catalyst loading on methyl orange degradation 
under CPI 
The photonic efficiency of the photocatalytic degradation of methyl 
orange under continuous illumination and CPI was investigated at 
different loadings of TiO2. The maximum light intensity (Imax) from the 
LEDs was 1780 mWm-2. The light time (Ton) was set at 3.36 s while the 
dark time (Toff  ) was also set at 3.36 s, resulting in a duty cycle, γ of 0.5. 
                                      γ  ൌ   T౥౤T౥౤ ା T౥౜౜                                   (2.8) 
Where γ is the duty cycle, Ton is the light time and Toff  is the dark time. 
It was observed that methyl orange degradation was higher for 
continuous illumination than CPI for all loadings while the photonic 
efficiency recorded under continuous illumination was found to be lower 
than that under CPI (fig. 2.11). 
  
  
0
10
20
30
40
50
60
70
80
90
100
0.0 0.2 0.4 0.6 0.8 1.0
%
 De
gr
ad
at
io
n
Duty cycle
46 | P a g e  
 
(a) 
 
 (b) 
 
Figure 2.11: (a) Percentage degradation of methyl orange under CPI and 
continuous illumination; (b) Photonic efficiency of methyl orange 
degradation under CPI and continuous illumination. 
The higher degradation rate of continuous illumination was as a result of 
the average UV intensity being higher than the average intensity under 
CPI, as a result more photons were available for degradation of the 
pollutant over the same reaction period. The higher photonic efficiency 
recorded under CPI has been attributed to the inefficient use of light 
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under continuous illumination by Upadhya and Ollis85, but more recent 
studies by Buechler et al. have suggested that mass transport limitations 
of oxygen or the substrate to the catalyst surface is responsible for the 
CPI effect observed here105. It was also observed that a higher photonic 
efficiency was recorded at higher catalyst loading; this can be explained 
by the higher reaction rates that result from the higher surface area 
provided since the reaction rate is directly related to the photonic 
efficiency. 
2.3.3. Effect of the duty cycle (γ) on Photonic efficiency 
The duty cycle, γ of a controlled periodic illumination is defined as the 
ratio of the total illumination period to the total operating period and is 
given in (2.16). What this means is a duty cycle of 0.5 or 50% means 
the lights are on 50% of the time. An experiment to determine its effect 
on the photonic efficiency of the photocatalytic degradation of methyl 
orange was set up with Ton and Toff  varying to give different values of γ at 
the same periods i.e. given the primary steps occurring during the light 
time as;  
ܥ݄ܽݎ݃݁ െ ܿܽݎݎ݅݁ݎ ݃݁݊݁ݎܽݐ݅݋݊                  TiOଶ   ݄ݒሱሮ eୡୠି ൅ h୴ୠା                              
ܥ݄ܽݎ݃݁ െ ܿܽݎݎ݅݁ݎ ݎ݁ܿ݋ܾ݉݅݊ܽݐ݅݋݊             eୡୠି ൅ h୴ୠା ื ݄݁ܽݐ                               
ܥ݄ܽݎ݃݁ െ ܿܽݎݎ݅݁ݎ ݐݎܽ݌݌݅݊݃                           h୴ୠା ื h୲୰ା                           (2.9)                       
                                                     eୡୠି ื e୲୰ି                        (2.10) 
and the slower steps of radical formation and interfacial charge transfer, 
which occur during the dark time (or light time) depending on the pulse 
duration and lifetimes of generated charges, the various steps for this 
experiment were constrained within a period of ~1 s, while γ varied 
accordingly with Ton and Toff variations. The light time was varied from as 
little as 72 ms which had a duty cycle of γ = 0.07 to γ = 1 (continuous 
illumination). Figure 2.12 shows an increase in photonic efficiency as the 
duty cycle decreases, the highest photonic efficiency was recorded at the 
lowest value of γ and vice versa indicating an inversely proportional 
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relationship between photonic efficiency and γ, this is because generally 
for photocatalytic reactions, a low light intensity results in a high 
photonic efficiency and periodically illuminating the catalyst is similar to 
lowering the light intensity when the catalyst is continuously 
illuminated106.  
 
Figure 2.12: Effect of duty cycle on photonic efficiency of methyl orange 
degradation (See table 3.1 for details of light and dark times). 
Photonic efficiency increases with Ton reduction because of a 
corresponding increase in Toff. This implies a brief period of charge-carrier 
generation and less time for charge-carrier recombination (the primary 
reason for low efficiency107) as a result of a decreasing Ton. The 
corresponding increase in Toff gives rise to the adsorption of MO to the 
catalyst surface while also giving ample time for the interfacial charge 
transfer of electrons to adsorbed oxygen, a step previously identified as 
rate-limiting in the photocatalytic process86, 108.  
                                   Oଶ ൅ eି ื Oଶି                                        (2.19) 
2.3.4. Significance of the light and dark times 
The photonic efficiency of photocatalytic oxidation by illuminated TiO2 in 
a non-aqueous media is influenced by the length of the dark time, this 
was demonstrated by Stewart and Fox87 who reported an increase in the 
photonic efficiency of the oxidation of 1-octanol in non-aqueous media by 
almost 100% when the Toff was increased from 0.1 s to 1.0 s. In order to 
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fully understand the mechanism of controlled periodic illumination in the 
photocatalytic oxidation of MO, the effect of light and dark times was 
investigated. Two sets of experiments were carried out in this 
investigation; the first set involved keeping Ton constant at 1.0 s while Toff 
varied from 0.1 s to 1.0 s, corresponding to an incident photon rate of 
4.85 × 10-8 einsteins L-1 s-1 for all values of γ, hence charge-carrier 
generation and recombination rates, (2.8) and (2.9) and any other 
reactions occurring during Ton were controlled and identical for varying 
values of γ while the main events of  Toff (adsorption/desorption) were 
monitored at Toff, min = 0.1 s to Toff, max = 1.0 s. The result in figure 2.13 
shows a 38% improvement in the photonic efficiency as Toff increases, 
this dark recovery time has been suggested by Upadhya and Ollis to be 
devoted to the re-adsorption of oxygen/MO onto the surface of the TiO2 
catalysts. 
                                Oଶୠ୳୪୩ ื Oଶ/TiOଶ                                (2.11 )                            
                                  MOୠ୳୪୩ ֖ MO/TiOଶ                                                    
The oxygen subsequently reacts with the excess electrons hence 
inhibiting recombination with holes. This improvement is, however, 
sensitive to the oxygen re-adsorption/reduction rate which is the slowest 
step in the photocatalytic reaction. 
In the second set of experiments, Toff was kept constant at 1.1 s, thereby 
constraining dark time events within that time frame and Ton varied from 
0.1 s to 1.1 s, thus, incident photon rates had a minimum value of 4.85 x 
10-9 einstein L-1 s-1 and maximum value of 5.34 x 10-8 einstein L-1 s-1, 
there was also an improvement in photonic efficiency. This improved 
photonic efficiency reached a minimum value of 6.5%, at the maximum 
incident photon rate because of the prolonged occurrence of reactions 
(2.8) and (2.9) without a corresponding increase in time for reactions 
(2.13) and (2.20). This demonstrates the importance of both the light 
and dark times when TiO2 is periodically illuminated, but while increasing 
Toff from 0.1 s to 1.1 s resulted in a 38% increase in photonic efficiency, 
decreasing Ton from 1.1 s to 0.1 s increased the photonic efficiency by 
89%. 
Adsorption 
on TiO2 
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Figure 2.13: Individual effects of light and dark times on photonic 
efficiency. 
An attempt to further understand the results of the three sets of 
experiments carried out and how they relate to the photonic efficiency 
was made by taking the results of the three experiments and 
representing them all on one graph (fig. 2.14). 
 
Figure 2.14: General photonic efficiency trend of methyl orange 
degradation at different Ton and Toff cycles. 
The photonic efficiency of methyl orange degradation shows a downward 
trend in its value as the duty cycle increases, irrespective of a decrease 
in the light time (Ton) or increase in the dark time (Toff). This means the 
main reason for the increase in photonic efficiency of methyl orange 
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photocatalytic oxidation observed in the three sets of experiments is the 
duty cycle rather than the duration of light and dark times. These results 
agree with the findings of a previous study by Cornu et al.80 which 
concluded that photonic efficiency of formate ion oxidation by TiO2 
suspensions under periodic illumination is not limited by 
adsorption/desorption or mass diffusion. 
2.3.5. Photonic Efficiency as a function of light intensity 
Under periodic illumination, the pulsing effect of the LEDs over the 
operating period results in reduction of the average light intensity, Iavg. 
As the duty cycle is also reduced, this Iavg is further reduced. Photonic 
efficiency however has been previously reported to increase when the 
intensity, Imax entering the reactor is lowered106 and it continues to 
increase until the reaction becomes photon-limited81. Furthermore, 
quantum yields of simple photocatalytic oxidation reactions such as 2-
propanol oxidation on TiO2 in ambient air reach maximum values when 
the intensity of UV light is low and this is because of minimal losses from 
charge-carrier recombination and a high coverage of the adsorbed 
organic substrate53. To further understand the actual effect of CPI and 
how it increases photonic efficiency as opposed to reducing the light 
intensity under the same conditions, the light intensity was reduced to 
Imax = 1190 mWm-2 and experiments were carried out  under the same 
conditions as the first set of experiments previously outlined (fig. 2.15). 
By varying the power densities, the photons per light pulse of both 
experiments were different while Ton was the same i.e. reactions in (2.8) 
and (2.9) had the same duration, but occurred at different absorption 
rates, while Toff duration was also the same with reactions in (2.13) and 
(2.20) times being identical. 
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 (a) 
 
(b) 
 
Figure 2.15: (a) Photonic efficiency of methyl orange degradation at 
different light intensities; (b) Percentage degradation of methyl orange 
after 170 minutes. 
The results show that the photonic efficiency of the photocatalytic 
oxidation of methyl orange at the lower intensity of Imax =1190 mWm-2 is 
greater by an average of 1.5 percentage points than that at the higher 
intensity (Imax=1780 mWm-2) but the degradation follows the opposite 
trend, at the lower intensity, the percentage degradation is lower than at 
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the higher intensity, this is because the total number of photons available 
for photocatalysis is lower than that at a higher intensity, therefore at 
higher intensities photons are abundant for the conversion of reactants 
leading to high conversion rates. 
Since the high photonic efficiencies that are reported from CPI are as a 
result of reduction of the average intensity, it is important to compare 
photonic efficiencies of CPI with continuous illumination at equivalent 
average intensities. Continuous illumination experiments were carried out 
at given average powers (mW), the resulting photonic efficiency of the 
oxidation of methyl orange under these conditions were compared with 
the equivalent photonic efficiencies at the same average powers under 
CPI (fig. 2.16). 
 
Figure 2.16: Comparison of photonic efficiency under CPI and continuous 
illumination at equivalent light intensities. 
The results show that at equivalent average power, the photonic 
efficiency under CPI is the same as or almost equal to that under 
continuous illumination, hence no advantage is gained by using CPI when 
the average light intensity or the average radiant power is equal to that 
under continuous illumination. 
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2.3.6. Photocatalytic degradation of rose bengal 
The photocatalytic degradation of rose bengal at different duty cycles 
was studied using the designed photoreactor, the aim was to validate the 
trends observed under methyl orange degradation with an entirely 
different dye compound. Rose bengal (fig. 2.17) was chosen because it 
belongs to an entirely different class of dye from MO which is an azo dye, 
RB is a tetraiodo-substituted dye with the chemical formula 
C20H2Cl4I4Na2O5 and belongs to the xanthenes class. It shows unusual 
photochemical and spectroscopic properties such as large absorption 
coefficient in the visible light region and it has a high tendency for 
intersystem crossing, producing a photochemically active triplet excited 
state in the process109.  
 
Figure 2.17: Molecular structure of rose bengal. 
Rose bengal is an anionic molecule which has a molecular weight that is 
three times that of methyl orange and a high adsorption on TiO2 at 
neutral pH, this high adsorption was controlled by increasing the pH of 
the reaction solution to 9.6 therefore pH studies could not be carried out 
with this dye. A mechanism for RB degradation as proposed by Sharma 
et al.110 indicates OH• as the oxidizing species, oxidizing the dye to its 
Leuco form. 
                                             1RBo + hv        1RB1                                   (2.12) 
                                            1RB1 + ISC        3RB1                                                (2.13) 
                              ZnO + hv       ecb- + hvb+                            (2.14) 
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                                 h+ + OH- ՜ OH•                                                    (2.15) 
                                           3RB1 + OH• ՜ Leuco RB                                  (2.16) 
                            Leuco RB ՜ colourless product                       (2.17) 
The initial concentration of rose bengal was 1x 10-5 M, figure 2.18 shows 
an increase in percentage degradation as the duty cycle increased, a 
similar trend was observed in methyl orange degradation. 
 
Figure 2.18: Photocatalytic degradation of rose bengal under CPI. 
The photocatalytic degradation of rose bengal showed a similar trend to 
that of methyl orange, as duty cycle increased, the per cent degradation 
also increased. This is because an increase in duty cycle is an increase in 
Imax and generally for photocatalytic reactions, rate of reaction and 
amount of substrate degraded increases with increasing UV intensity. 
2.3.7. Photonic efficiency of rose bengal degradation 
The photonic efficiency of the photocatalytic degradation of rose bengal 
at various duty cycles was determined using equation (2.6), there was a 
general increase in photonic efficiency with reducing duty cycle in a 
similar fashion to methyl orange dye (fig 2.19).  
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Figure 2.19: Effect of duty cycle on photonic efficiency of rose bengal 
degradation. 
In a similar way to the methyl orange experiment, the reactions of (2.8), 
(2.9), (2.13) and (2.20) were restricted to a period of ~1 s while Ton and 
Toff varied alternately to keep the period constant at different duty cycles, 
therefore making the period the controlled variable, Ton and Toff the 
independent variable while the photonic efficiency was the dependent 
variable. This indicates an inverse dependence of photonic efficiency on 
duty cycle. 
2.3.8. Impact of light and dark times on rose bengal photonic 
efficiency 
In order to ascertain the trends of impact of Ton and Toff on photonic 
efficiency which were observed in the methyl orange experiments, the 
light and dark time were further controlled in separate experiments with 
rose bengal dye in order to study their effects on the photonic efficiency. 
The light and dark time were varied and controlled by the same amount 
as the methyl orange experiments with the same sequence of light time 
and dark time reactions taking place (fig. 2.20). 
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(a) 
 
(b) 
 
Figure 2.20: Impact of light and dark times on photonic efficiency of rose 
bengal photodegradation. 
The photonic efficiency trends with regards to the individual impact of Ton 
and Toff in the photodegradation of rose bengal correspond to that 
observed in methyl orange. This shows experimentally that both Ton and 
Toff contribute to the increase in photonic efficiency irrespective of the 
reagents involved in the photocatalytic reaction when under CPI. 
However, the efficiency enhancement from a decreased light time may 
be more significant than those from an increased dark time. 
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2.3.9. Overall impact of γ on photonic efficiency 
When the overall photonic efficiency trend is plotted using the three sets 
of experiments, the inverse relationship and dependence of photonic 
efficiency on the duty cycle is confirmed, indicating a lesser effect of Ton 
and Toff compared to γ (fig 2.21). 
 
Figure 2.21: Photonic efficiency trend of rose bengal degradation at 
different Ton and Toff cycles. 
This trend establishes the fact that while Ton and Toff are responsible for 
photonic efficiency increases, it is their combined effect as γ that 
ultimately determines the photonic efficiency improvement of 
photocatalytic reactions under CPI. 
2.4. Conclusion 
The use of controlled periodic illumination with UV-LEDs for enhancing 
photonic efficiency of photocatalytic decomposition processes in water 
has been investigated using methyl orange and rose bengal as model 
compounds.  The impact of the length of light and dark time periods 
(Ton/Toff times) on photo-degradation and photonic efficiency using a UV 
LED illuminated photoreactor has been studied. The results have shown 
an inverse dependency of the photonic efficiency on duty cycle and a 
very little effect of Ton or Toff time periods, indicating no effect of rate 
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limiting steps through mass diffusion or adsorption/desorption in the 
reaction. For this reactor, the photonic efficiency under controlled 
periodic illumination (CPI) matches to that of continuous illumination, for 
the same average UV light intensities. Under CPI conditions, the photonic 
efficiency is inversely related to the average UV light intensity in the 
reactor, in the millisecond time regime. 
  
60 | P a g e  
 
CHAPTER III 
3. THEORETICAL MODELLING AND OPTIMISATION OF 
PHOTONIC EFFICIENCY UNDER CONTROLLED PERIODIC 
ILLUMINATION 
3.1. Introduction 
In heterogeneous photocatalysis using TiO2, the Langmuir-Hinshelwood 
(L-H) rate equation is the simplest model consistent with Langmuir's 
equilibrium isotherm and is widely applied to photocatalytic reactions38, 
96. The model (3.1) interprets the photocatalytic rate of reaction, r as a 
product of the reaction rate constant, kr of surface species 
(photogenerated and substrate) and the extent of substrate adsorption, 
Kads. Competition for adsorption by other species is represented by 
adding the terms KadsC to the denominator. 
                                െడ஼డ௧  ൌ ݎ ൌ ݇௥
௄ೌ೏ೞ ஼
ଵ ା ௄ೌ೏ೞ ஼                                (3.1) 
Where the rate r is taken as an initial rate r0, C is taken as the 
equilibrium concentration Ce, kr is the reaction rate constant under 
experimental conditions and Kads is the Langmuir adsorption coefficient. 
The model is best applied to reactions that follow the pathway of; (i) 
adsorption of reacting species on the catalyst surface, (ii) reaction 
involving adsorbed species, (iii) desorption of reaction products. This rate 
equation can be significantly influenced by γ of CPI and electrostatic 
attraction between reactants and catalyst surface which is controlled by 
the pH; these two parameters are important in optimizing the photonic 
efficiency of photocatalytic reactions which is proportional to the rate of 
reaction. 
3.1.1. Effect of pH on photocatalytic rate and photonic 
efficiency 
The pH of the TiO2 nanoparticle suspension plays an important role in 
photocatalytic reactions taking place on the TiO2 surface. It can have 
significant influence on particle stability and/or aggregation, Fermi-level 
61 | P a g e  
 
shifts which determine reduction potentials of electrons, zeta potential of 
TiO2 colloids111, band edge positions and electrostatic interactions of 
electron donors and acceptors44, 112 (fig. 3.1).  
 
Figure 3.1: Effects of pH on surface charge density of modified P25 
catalyst in the degradation of congo red dye from study by Guo et al.113 
The effects of pH have been reported in the literature to have various 
outcomes which include; a weak dependence of the reaction rate on 
pH51, higher photocatalytic conversions at both acidic and alkaline pH, 
varying effects  of pH in the presence of different cations, anions and 
neutral molecules114, pH independent photo-oxidation rates115 and the 
formation of intermediates116. The pH also has an influence on the 
efficiency of the photocatalytic process, Kormann et al.114 first 
investigated the influence of pH on photocatalytic efficiency and reported 
that the photonic efficiency of TiO2 catalysts at low pH can be decreased 
by simple anions such as HCO3- and Cl- which have a negligible effect at 
high pH. Cornu et al.93 found higher photocatalytic quantum yields at 
extreme pH as a result of a shift in the electrical potential of TiO2 
particles. As a result of these multiple roles, the interpretation of the 
effects of pH can sometimes be a difficult task.  
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3.1.2. pH studies under controlled periodic illumination 
Studying the effects of pH under controlled periodic illumination (CPI)84, 
100; a technique based on a series of alternate light and dark periods 
(Ton/Toff) which was previously reported as a means of increasing the 
photonic efficiency and conversion rates in TiO2 photocatalysis can 
provide information on the pH-influenced dynamics of the redox reactions 
taking place during photocatalytic oxidation. Using this technique, Cornu 
et al.93 observed two distinct transitions in the differential reactivity of 
oxidizing and reducing species in methyl orange photo-oxidation, the 
characteristic times of these transitions was determined to be an 
exponential function of the solution pH. 
3.1.3. A modified Langmuir-Hinshelwood rate model for 
controlled periodic illumination 
Chen et al.89 in the decomposition of o-cresol under controlled periodic 
illumination modified the Langmuir-Hinshelwood rate model by 
incorporating the parameters which account for the pulsing effect of 
reactions under CPI. Using this model (3.2), they obtained a good 
agreement between the model and experimental data of o-cresol 
decomposition rates at various initial concentrations (fig.3.2).  
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Figure 3.2: Correlation between model and experimental data for o-
cresol decomposition using the modified L-H model89. 
The reaction was assumed to take place on the outer surface of the TiO2 
particle and for a photoreactor under periodic illumination, the average 
light intensity and order of light intensity were incorporated into the rate 
equation as follows: 
                         െడ஼డ௧  ൌ ݎ଴ ൌ ݇୰ሺߛܫ୫ୟ୶ሻ௠
௄౗ౚ౩ ஼౛
ଵ ା ௄౗ౚ౩ ஼౛                         (3.2) 
Where γ is the duty cycle of UV illumination, Imax is the light intensity 
(Iavg= γImax) and m is the order of light intensity. 
3.1.4. Mathematical model for photonic efficiency under 
controlled periodic illumination 
Upadhya and Ollis85 proposed a transient kinetic model to show rapid 
photo-oxidation of surface reactants by the oxidizing species (hvb+) 
accounts for high efficiencies in CPI experiments. The model formulation 
assumed the entire photocatalytic process to occur on a single TiO2 
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particle, the factors affecting quantum yield are summarised in the 
following reactions: 
                      TiO2 + hv e-cb + h+vb        (light absorption)          (3.3) 
           e-cb + h+vb   heat (energy)     (recombination)     (3.4)  
          h+vb + A   A+        (hole-organic reaction)     (3.5)
         e-cb + B  B-            (electron transfer to O2)       (3.6) 
Quantum yield of the organic substrate was defined as an integral part of 
the instantaneous quantum yield over time; 
                        ߮ ൌ ׬ ݇ଵ൫݄ାሺݐሻ൯Ω௔ሺݐሻ݀ݐ/ ׬ ݇௚݈݀ݐ                            (3.7) 
Where ݇ଵ is the oxidation reaction rate constant, ݄ା is the hole 
concentration, Ω௔ is the surface fractional coverage of organic substrate, 
݇௚ is the light absorption rate constant and ݈ is the incident light 
intensity. A high quantum yield will be characterized by a high ݄ା and 
total surface coverage of the TiO2 particle with reactants. Light and dark 
periods are incorporated for a TiO2 particle under periodic illumination 
and the resultant quantum yield is given as: 
               ߮௣௘௥௜௢ௗ௜௖ ൌ  ׬ ݇ଵ݊஺൫݄ାሺݐሻ൯Ω஺ሺݐሻ݀ݐ/ ׬ ݇௚݈݀ݐ౥்౤౥்౤ା ்౥౜౜               (3.8) 
                  ߮௖௢௡௧௜௡௨௢௨௦ ൌ  ׬ ݇ଵ݊஺ሺ݄ାሻ௦௦Ω஺ೞೞ݀ݐ/ ׬ ݇௚݈݀ݐ౥்౤౥்౤                   (3.9) 
Where ݊஺ is the number of surface sites for organic substrate, Ton is the 
light time, Toff is the dark time. The period for the periodic illumination 
was kept constant at 1 s for different γ from 0 ൏ γ ൑ 1. Hole 
concentration is a function of time and is described by equation (3.10). 
                       ௗሺ௛
శሻ
ௗ௧ ൌ  ݇௚݈ െ ݇௥ሺ݄ାሻሺ݁ିሻ െ ݇ଵሺ݄ାሻ ݊஺Ω஺                   (3.10) 
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3.1.5. Optimising photonic efficiency through pH effects and 
controlled periodic illumination  
The pH has a strong influence on the standard driving force, -ΔG°’ for 
interfacial charge transfer117, -ΔG°’ determines the rate constant for 
interfacial electron-transfer (fig. 3.3).  
 
Figure 3.3: Dependence of electron-transfer rate constant on -ΔG°’117. 
In alkaline medium, the standard redox potential of ecb- is more negative 
while an acidic medium results in that of hvb+ being more positive93, CPI 
can be used to ensure Ton approaches charge-carrier lifetimes thus 
reducing carrier recombination or design Ton to match the characteristic 
time for interfacial electron-transfer to O2 which is the slowest step in the 
photocatalytic reaction48. Likewise Toff which is devoted to the 
replenishment of O2 can also be adjusted to an optimum duration to 
facilitate further removal of excess ecb- generated in the next Ton87. 
In this chapter, the effect of pH on the photonic efficiency of TiO2 
photocatalysis has been investigated by studying the photodegradation of 
methyl orange within a range of γ under continuous and controlled 
periodic illumination. Methyl orange dye was selected for the study 
because of its anionic nature which corresponds to the electrostatic 
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interactions required for the study. Ultraviolet light emitting diodes (UV-
LEDs) have recently become an alternative UV source to conventional 
lamps in photocatalysis research118-121 have the advantage of high 
efficiency, minimum heat generation, suitability for periodic illumination, 
narrow band emission and long life122, 123. This study pioneers the use of 
UV-LEDs to study the effect of pH on photonic efficiency of TiO2 
photocatalysis under controlled periodic illumination. The triple effect of 
pH, γ and characteristic times of primary redox processes as well as the 
role of oxidizing species on the photonic efficiency trends in the 
photocatalytic reaction are also investigated. 
3.2. Theoretical methods and solution 
The two models used in the study were of varying degrees of complexity 
and both required the use of software applications. The methods 
employed were also in agreement with the published literature. 
3.2.1. Model solution 
For the mathematical modelling of methyl orange photo-oxidation rates 
using the modified L-H model, Microsoft office 2007 excel spreadsheets 
were used. The inbuilt formulas were sufficient for the calculations 
required in the model solution. The model solution for photonic efficiency 
under CPI required a more advanced mathematical software application 
because of the stiff set of differential equations, Mathematica 9 
computational software program was adopted. 
3.2.2. Base case parameter values 
The same values adopted from the literature by Upadhya and Ollis85 were 
used for the constants and parameters in the study. In order to solve 
(3.10), a steady state approximation was adopted for electron 
concentration, it was calculated from typical values of hvb+ quantum 
yields124 with the assumption that equal number of holes and electrons 
are generated. Surface fractional coverage was taken to be constant, it 
was assumed to be 7  ൈ 10ଵଶ cmିଶ. An assumption of 50 photons absorbed 
in Ton of 1 s was also made. 
67 | P a g e  
 
3.3. Experimental methods and materials 
The experimental materials employed in this investigation are the same 
as those in the preceding chapter (section 2.2); the TiO2 catalyst 
(Degussa P25) was supplied by Evonik and used as received. Methyl 
orange dye supplied by Sigma-Aldrich was used as the model pollutant. 
The methods are similar but vary in the adjustment of pH, concentration 
and the use of the constant period experimental design of CPI to study 
the interaction between several factors affecting photonic efficiency. 
3.3.1. Design of photocatalytic experiments 
Three sets of experiments were performed by irradiating TiO2 
suspensions in a stirred photoreactor (fig. 2.4). A high loading of the TiO2 
photocatalyst at 5 g/L which was the optimum for the low UV intensity 
employed in the experimental setup. It was suspended in 100 mL methyl 
orange solution in distilled water with concentration of 1x10-5 M. The 
photocatalytic degradation of methyl orange solution was carried out 
over a period of 170 min including 30 min of dark adsorption which was 
experimentally determined as the time taken for adsorption equilibrium 
at room temperature, pH adjustments only resulted in more dye 
molecules adsorbed with no impact on time taken. 
3.3.2. Experimental pH and duty cycle 
The three experiments were carried out at pH 4, 7 and 9.6, the pH values 
of the resulting suspension were adjusted using carbonate-bicarbonate 
buffer capsules for alkaline pH and nitric acid for acidic pH; both supplied 
by Sigma-Aldrich. The TiO2 suspension was illuminated under steady and 
intermittent UV light regimes resulting in five duty cycles, each with 
varying light and dark times (Ton/Toff) as shown in Table 3.1. 
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Table 3.1: Light regimes for continuous and periodic illumination showing 
duty cycle and frequency of pulsing. 
DUTY CYCLE 
(γ) 
Average UV  
Intensity 
(µW/cm2) 
TON (ms) TOFF (ms) 
PERIOD 
(ms) 
0.01 1.8 10 966 976 
0.05 8.9 50 924 974 
0.07 12.5 72 904 976 
0.24 42.7 234 740 974 
0.49 87.2 474 500 974 
0.73 129.9 708 266 974 
1.00 178.0 CONTINUOUS ILLUMINATION 
The array of LEDs, stirring of slurry and small diameter of the reaction 
vessel ensured maximum interaction between photons and catalyst and 
the elimination of dead zones within the reactor. Light pulses for 
intermittent illumination were generated by an electronic astable 
multivibrator. 
3.4. Experimental results and discussion 
The photo-oxidation process is initiated by the illumination of the TiO2 
suspension to generate charge-carriers; ecb- and hvb+ (3.11). The 
photogenerated holes oxidize preadsorbed H2O and OH- to produce OH• 
radical (3.12). The results of this study propose methyl orange photo-
oxidation by free OH• radicals and surface-trapped ሼTiIVOH•ሽୟୢୱା  acting as 
the oxidizing agents with respect to  γ and the pH of the solution. 
However, most organic compounds can also be oxidized directly by hvb+ 
depending on the experimental conditions125, 126.  
                              TiOଶ ൅ ݄ݒ ՜ h୴ୠା ൅ eୡୠି                            (3.11) 
                                OHି ൅ h୴ୠା ื OH•                                               (3.12) 
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3.4.1. Photo-oxidation of methyl orange at pH 4, 7 and 9.6 
Experiments were carried out to investigate the influence of pH on the 
photonic efficiency of methyl orange photo-oxidation in acidic, neutral 
and alkaline media at various γ. An initial concentration of 1x10-5 M was 
used and the experiments were carried out at pH 4, 7 and 9.6 with γ 
within the range γ = 0.01 - 1.00. Methyl orange showed a steady rate of 
degradation at all experimental conditions because the reaction pathway 
involves unstable intermediates that are less reactive than methyl orange 
and present in low concentrations127, 128.  
However, for pH 7 and 9.6 at γ = 0.01 and 0.05, Ton was very brief 
resulting in extremely weak average UV intensity of 1.8 µW/cm2 and 8.9 
µW/cm2 respectively. The electrostatic attraction between methyl orange 
molecules and the TiO2 catalyst required for the Langmuir-Hinshelwood 
type surface reaction was also weak at pH 7 and 9.6 compared to pH 4 
which recorded substantial degradation. Consequently, no change in 
methyl orange concentration was recorded for pH 7 and 9.6 at γ = 0.01 
while change in concentration was negligible after the introduction of 
photons at γ = 0.05. In addition, for these pH, the weak average UV-LED 
intensity and weak electrostatic attraction were significant and influential 
in the determination of photonic efficiency (fig. 3.4) which showed a 
downward trend at γ < 0.07. 
 
Figure 3.4: Continued increase of photonic efficiency at γ < 0.07 for pH 
4. 
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This however does not suggest trends opposing results of previous 
studies93 which also showed under acidic conditions, an oxidative 
pathway (UV absorbance at 468 nm) was followed for the MO destruction 
while at higher pH a reductive pathway (UV absorbance at 247 nm) was 
observed. Hence, experimental results from γ = 0.07 to γ = 1.0 were 
employed in the analysis. A 100 percent degradation of the dye was 
observed before the total reaction time elapsed for pH 4 and 7 at γ = 
0.73 and  γ = 1 respectively (fig.3.5) while degradation at pH 9.6 was 
slower and lower with the highest percentage degradation of 88 percent 
recorded at γ = 1. 
 
Figure 3.5: Amount of methyl orange photodegradation after total 
reaction time (170 min) at acidic, neutral and alkaline pH 
The photonic efficiency of the photo-oxidation reaction was observed to 
increase with decreasing γ (fig. 3.6), obtained photonic efficiencies were 
comparable for the three pH values at γ = 1, 0.73 and 0.49. 
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Figure 3.6: Photonic efficiency of methyl orange degradation at γ = 0.07–
1.00 
In order to ensure accuracy in the calculation for percentage degradation 
and photonic efficiency profiles of the reaction at the various pH, the 
reaction time was taken to be the time from the start of the reaction to a 
time just before complete degradation in pH 4 and 7 where the 
experiment goes on for about 40 min after complete degradation (fig 
3.7). This was necessary to avoid inaccuracies in the calculation of the 
photonic efficiency which is expressed as the rate of reaction per incident 
photons therefore a reaction time of 100 min was used for analysis of the 
results. 
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 (a) 
 
 
 (b) 
 
Figure 3.7: Adjusted profiles at various duty cycles of (a) 
photodegradation of methyl orange; (b) photonic efficiency of methyl 
orange photodegradation 
The trend of methyl orange degradation and photonic efficiency remained 
the same after adjustment of data points indicating a fundamental trend 
in the reaction mechanism. 
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3.4.2. Effects of pH on methyl orange photo-oxidation under 
controlled periodic illumination 
The experimental results show a higher percentage of degradation as  γ 
increases irrespective of pH and particularly at pH 4 and 7 which had 
almost twice the amount of degradation for pH 9.6 at each γ. This is due 
to the higher adsorption of methyl orange dye molecules unto the TiO2 
surface at acidic and neutral pH (fig. 3.8).  
 
Figure 3.8: Effect of pH on adsorption of methyl orange on TiO2 surface 
Methyl orange is an anion with a negatively charged sulphonic group 
while TiO2 (Degussa P25) has a point of zero charge of ~6.25129 and is 
positively charged in acidic media. This leads to a strong electrostatic 
attraction between the dye molecules and TiO2 surface at these pH with 
the attraction at pH 4 stronger than that at pH 7. This pH influenced 
adsorption has been reported to be a critically important step for 
photocatalytic oxidation to take place and enhances photodegradation 
efficiency130, 131. On the other hand in alkaline pH, TiO2 is negatively 
charged giving rise to a coulombic repulsion between the negatively 
charged methyl orange substrate and TiO2 surface132 therefore, 
preventing or inhibiting the adsorption of substrate molecules on the 
catalyst hence resulting in a lower degradation of dye molecules.  
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The degradation rates at pH 4 and pH 7 are observed to approach similar 
values, this could be as a result of pre-adsorption of the substrate on the 
catalyst surface prior to the commencement of the photocatalytic 
reaction. At pH 4, the electrostatic forces of attraction between surface-
trapped hole/catalyst surface and dye molecules is strongest resulting in 
a high density of methyl orange ions on the surface without any 
catalyzed photoreaction (which is characteristic of dyes) taking place 
(3.13 -3.14). This is due to the wavelength of UV illumination at 360 nm 
being lower than methyl orange UV absorption wavelength hence, 
limiting photon absorption by the catalyst.  
                            Dyeୟୢୱ  ൅ hv  ՜ Dyeୟୢୱ•                                       (3.13) 
                       Dyeୟୢୱ•  ൅  TiOଶ  ՜  Dyeୟୢୱା•  ൅  TiOଶሺeିሻ                       (3.14) 
At pH 7 the solution is neutral and electrostatic forces of attraction are 
weak however, the effects of pH on photocatalytic rates favour a faster 
degradation of methyl orange at this high pH because of a strong 
influence on the standard driving force for interfacial charge transfer117. 
It has been shown pH may affect the rates of TiO2 photocatalysis by 
causing a shift in the electrochemical potential of the TiO2 surface133, 134 
thus, the standard redox potential of ecb- is more negative at high pH 
therefore forcing O2 reduction (3.15) which is the rate limiting step in 
photocatalytic reactions and consequently, a high amount of methyl 
orange degradation at this pH. 
                                Oଶ ൅ eୡୠି  ՜  Oଶି                                          (3.15) 
This effect is not characteristic of pH 9.6 because of the very strong 
coulombic repulsion that exists between the TiO2 surface and methyl 
orange molecules. 
3.4.3. Role of active oxidative species 
Photogenerated holes have a high quantum yield of 5.7ൈ10−2 for ordinary 
photocatalytic reactions124 and are readily trapped at the hydrated TiO2 
surface during the oxidation of surface-bound OH- ion groups to OH• 
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radicals because of their small effective mass135 (3.16). Furthermore, OH• 
radicals adsorbed on the surface of the hydroxylated TiO2 particle are 
easily assimilated and are indistinguishable from surface-trapped 
holes136. The resulting ሼTiIVOH•ሽୟୢୱା  is readily available for oxidative 
reactions with the surface adsorbed methyl orange (3.17). 
                           h୴ୠା  ൅ ൐ TiIVOH ՜ ሼTiIVOH•ሽା                  (3.16) 
                    ሼTiIVOH•ሽୟୢୱା  ൅ MO௔ௗ௦  ՜ colourless product             (3.17) 
The results suggest that the two oxidizing species responsible for methyl 
orange photo-oxidation; surface-trapped holes ሼTiIVOH•ሽୟୢୱା  and free OH• 
radical are dominant at different pH when impacted on by a Ton/Toff cycle 
(fig.3.9). Studies by Ishibashi et al.124 have shown that quantum yields of 
OH• radical production during TiO2 photocatalysis are generally lower than 
those of hvb+. However, at high  γ such that  γ ൒ 0.49, charge-carrier 
recombination occurs by second-order kinetics137, this means rapid 
depletion of charge-carriers especially the highly oxidative hvb+ before 
and after trapping. This leads to photo-oxidation in the bulk solution by 
free OH• radical, the oxidative species with a lower redox potential being 
the predominant. 
 
Figure 3.9: Effect of pH and γ on the role of oxidizing species 
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At pH ൏ 7 with  γ ൑ 0.49, the reaction is characterised by low charge-
carrier recombination because of the brief illumination periods and 
methyl orange molecule which acts as a hole scavenger strongly bound 
to the photocatalyst surface due to the strong electrostatic attraction 
between the opposite charges. This leads to surface-mediated reactions 
being the prominent stoichiometry observed138, 139. 
At pH ൐ 7 with γ ൒ 0.49, the reaction is characterized by weak adsorption 
as a result of the coulombic repulsion between TiO2 which has a negative 
charge in alkaline pH and the similarly charged dye anion. High charge-
carrier recombination may also limit ሼTiIVOH•ሽୟୢୱା  at the surface thus, the 
predominant oxidizing species is the free electrically neutral OH• radical 
having an unpaired electron. The OH• radical primarily attacks places on 
the methyl orange molecule having the greatest value of double-bond 
characters giving rise to photo-oxidation of methyl orange by OH• radical 
in the bulk solution140 (3.18).  
                      OHୠ୳୪୩• ൅ MOୠ୳୪୩ ื colourless product                  (3.18) 
3.4.4. Overall effect of pH and γ on photonic efficiency 
The pH and  γ both affect the dynamics of the photocatalytic reaction in 
separate ways however, there is a combined effect of these two on the 
photonic efficiency of the photocatalytic reaction. In figure 3.6, the 
photonic efficiency of methyl orange photodegradation follows a similar 
trend across the three pH values investigated when  γ falls within the 
range  γ ൐ 0.24. In this region, the pH has a lesser influence on the 
photonic efficiency than  γ and the increasing efficiency observed is as a 
result of a decrease in the illumination time and a corresponding 
decrease in  γ. Charge-carrier generation which occurs in ~10-15s 48 is 
typically high because of the prolonged Ton which far exceeds 10-15s and 
this leads to high recombination rates leading to low photonic efficiency. 
At γ ൑ 0.24, the photonic efficiency of the reaction shows a peculiar trend 
as the effects of pH become significant and the divergence of the trend 
with respect to pH is accentuated with the further decreasing  γ. At  γ ൌ 
0.07, charge-carrier recombination is low and photonic efficiency reaches 
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the highest value for all three pHs because of the decreasing γ and brief 
Ton. The photonic efficiency at this γ is found to be a function of pH and 
the recorded increase is not symmetrical across the pH investigated. 
The photonic efficiency at γ ൌ 0.07 is greatest at pH 4 and lowest at pH 
9.6 because of the resultant effect the pH,  γ and oxidizing species all 
have on the photocatalytic reaction. The pH has a direct effect on the 
rate of interfacial-electron transfer which reduces with reducing pH141 
while γ is a function of Ton which inhibits charge-carrier recombination as 
Ton decreases85, 89. Both parameters have an influence on the role of the 
oxidative species in the reaction and also on optimizing the process of 
interfacial charge-transfer and charge-carrier lifetime for maximum 
photonic efficiency. The trend indicates that photonic efficiency is 
greatest when electrostatic attraction is highest at pH 4 with surface 
ሼTiIVOH•ሽୟୢୱା  mediated oxidation and Ton approaches the characteristic time 
for interfacial-electron transfer which is in the millisecond domain, this 
trend can also be extrapolated to charge-carrier lifetimes which have 
characteristic times below the shortest Ton in this study. 
3.5. Theoretical results and discussion 
The theoretical results are the results of mathematical modelling of 
reaction rates and quantum yields of methyl orange degradation at pH 7 
alone. Where appropriate, data from the experimental study was used to 
validate the employed models. 
3.5.1. Photocatalytic rate modelling 
The experimental data showed the effect of duty cycle (2.16)  on 
photocatalytic degradation rates of methyl orange. An initial 
concentration of 2.5 X 10-2 mM was used for all values of  γ, the period 
(Ton + Toff) was kept constant while Ton and Toff were varied. The reaction 
order, n which represents the exponent of the concentration of MO in the 
rate equation  varied with γ (Table 3.2.), Imax was < 200 Wm-2 therefore 
m was taken to be first-order98, Kads and kr were obtained from the plot 
of 1/r0 against 1/γ, the intercept was equal to 1/kr while the slope 
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provided the solution for 1/krKads142 hence, the values of Kads and kr were 
0.645 dm3mol-1 and 4.85 ൈ 10-4 mMmin-1 or min-1 with respect to the 
reaction order. 
Table 3.2: Experimental conditions for methyl orange photodegradation 
under controlled periodic illumination 
γ Iavg          
(Wm-2) 
r40     
(mMmin-1) 
n 
0.07 0.13 2.38E-05 0 
0.12 0.21 2.50E-05 0 
0.24 0.43 7.50E-05 0 
0.36 0.64 1.00E-04 0 
0.49 0.87 1.25E-04 0 
0.61 1.09 1.50E-04 1 
0.73 1.30 1.75E-04 1 
0.85 1.51 1.85E-04 1 
1.00 1.78 2.11E-04 1 
An increase in photocatalytic rates was observed with increasing γ for the 
experimental and model data (fig. 3.10), this is as a result of an increase 
in the average intensity of illumination. Generally for photocatalytic 
reactions, a linear relationship exists between photo-oxidation rates and 
light intensity at low light intensities, the relationship tends towards a 
square root relationship as intensity increases and eventually rate 
becomes independent of intensity at very high intensities94. The results 
however show a significantly dissimilar trend with the experimental data 
having a non-linear trend while the model follows a linear trend. Also, 
there is a significant difference in the order of magnitude of the 
determined rates of reaction and this results in a poor fit of the 
experimental data by the model. 
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Figure 3.10: Correlation of modified L-H model data with experimental 
for methyl orange degradation rates at different γ 
Chen et al. who first reported the use of this model reported a good fit to 
the experimental rates89, their plot involved reaction rates at several 
concentrations and a single γ. The experiments monitor reaction rates at 
a single concentration but several  γ, the varying Iavg as a result of 
changing γ has a significant influence on the model rates and this 
accounts for the significant disagreement between the model and 
experimental rates in trend and magnitude. Photocatalytic reactions 
under periodic illumination involve complex transient mechanisms 
therefore developing a model for the dependence of the reaction rate on 
the experimental parameters over the reaction time can be difficult. The 
dependence of the constants Kads and kr on the intensity of UV 
illumination is well established 143-146(3.19, 3.20), this is not accounted 
for in the modified L-H model. 
                                 Kads  1/γ Imax                                (3.19) 
                                   kr  γ Imax                                  (3.20) 
The variation of the constants Kads and kr with UV intensity implies their 
values when obtained from a plot of 1/r0 against 1/γ will not give a truly 
representative value for each γ in the modified L-H model. Furthermore, 
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orders of reaction rate dependence on photon flux and reagent 
concentration are independent of each other147, this presents a problem 
for the model as reaction order with respect to concentration changes 
with an effect on kr while order of photon flux remains the same. 
3.5.2. Quantum yield modelling 
The quantum yield modelling of the photocatalytic degradation of methyl 
orange confirmed the same trends from experimental data which were 
previously reported in the literature100, the effect of a constant period 
and varying Ton and Toff on the quantum yield was modelled (fig. 3.11), 
all events required for photocatalytic oxidation (3.3-3.6) were 
constrained in 1 s such that Ton + Toff = 1 s for all duty cycles.  
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Figure 3.11: Decreasing duty cycle resulting in a corresponding rise in 
quantum yield and photonic efficiency 
A general increase in quantum yield as duty cycle decreased was 
observed indicating an inverse relationship between φ and γ. Quantum 
yield and photonic efficiency differ because of the difference in 
accounting for photons, φ takes into account the amount of photons 
absorbed by the catalyst and this is affected by, reflection, transmission 
and scattering which is significant and can vary as much as 13% - 76% 
depending on conditions148. Photonic efficiency on the other hand takes 
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into consideration only the incident photons on the photocatalyst, 
assuming all photons are absorbed and light-losses are negligible. 
The model agreement with the experimental data in the modelling of the 
effect of Ton and Toff on φ followed a similar trend. When Ton was kept 
constant while Toff varied, the contributing effect of Toff to quantum yield 
was observed. The approach taken involved the light time events mainly 
(3.3) taking place within 1 s therefore having a controlled impact on φ 
while the dark time events were varied by increasing Toff from 0.1 s to 1 
s, the resulting range for the duty cycle was γ = 0.39 – 0.91 (fig. 3.12). 
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Figure 3.12: Contributing effect of Toff to quantum yield enhancement 
The dark period is devoted to the replenishment of surface adsorbed 
species by the transfer of electrons to adsorbed oxygen (3.6) and/or the 
adsorption of oxygen onto the surface. Consequently, a higher rate 
constant for these steps will result in higher quantum yields. Figure 3.12 
shows the relatively small improvements in quantum yield as Toff 
increases in agreement with previous experimental results. The resulting 
increase in quantum yield was inferior to the same effect produced by an 
increasing Ton, this is as a result of the sensitivity of the dark period to 
the rate-limiting nature of (3.6) 85, 108. 
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In the third modelling result, the experimental light time was varied 
while the dark time was kept constant. This produced the effect of an 
increase in Iavg and higher photon absorption by the photocatalyst as Ton 
increased, without a corresponding increase in Toff. The modelled results 
(fig. 3.13) show the quantum yield improvement with decreasing duty 
cycle. 
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Figure 3.13: Contributing effect of Ton to quantum yield enhancement. 
As Ton increased, more time was available for (3.3), which is the first step 
in the photocatalytic process, giving rise to (3.4) resulting in a decrease 
in quantum yield. The modelling further reiterates the experimental 
findings which show that decreasing Ton at constant Toff has a greater 
effect on quantum yield than increasing Toff at constant Ton or varying 
both alternatively by varying the period. Table 3.3 shows the values of γ, 
Ton and Toff used in the modelling of φ as carried out in the study. 
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Table 3.3: Values of γ, Ton and Toff used for theoretical modelling of φ. 
Varying Period Varying Ton Varying Toff 
γ Ton (S) Toff (S) γ Ton (S) Toff (S) γ Ton (S) Toff (S) 
0.07 0.07 0.90 0.08 0.1 1.0 0.39 1.0 1.7 
0.12 0.12 0.86 0.21 0.3 1.0 0.44 1.0 1.4 
0.24 0.23 0.74 0.31 0.5 1.0 0.50 1.0 1.1 
0.36 0.35 0.62 0.39 0.7 1.0 0.59 1.0 0.7 
0.49 0.47 0.50 0.50 1.1 1.0 0.67 1.0 0.5 
0.61 0.59 0.38    0.77 1.0 0.3 
0.73 0.71 0.27    0.91 1.0 0.1 
0.85 0.83 0.15       
1.0 - -       
The enhancement observed in the mathematical modelling of φ when 
controlled periodic illumination is employed is produced by the duty 
cycle, γ which is a function of Ton and Toff therefore their alternating effect 
contribute to the overall quantum yield enhancement. An overall trend of 
quantum yield enhancement as a result of reducing duty cycle using 
modelled data is plotted (fig. 3.14). This is in agreement with the result 
using experimental data100 depicting a trend of increasing quantum yield 
as duty cycle decreases irrespective of Ton and Toff. 
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Figure 3.14: Overall quantum yield trend as a function of duty cycle with 
experimental result graph as an inset 
3.6. Conclusion 
Under controlled periodic illumination of TiO2, photonic efficiency of 
photocatalytic oxidation in the aqueous phase is not only dependent on γ 
of illumination but the pH of the media. This chapter has investigated the 
resultant effect of pH and γ on methyl orange photodegradation and the 
results show little influence of pH at high γ. At low γ, the pH has a 
significant effect on photonic efficiency with the oxidative species and a 
match between Ton and interfacial electron-transfer also contributing to 
photonic efficiency enhancements. The chapter also includes theoretical 
studies of TiO2 photocatalysis, several mathematical models exist for 
photocatalytic reactions using TiO2 with light intensity distribution and 
reactor modelling receiving the most attention. The modified L-H rate 
equation used in the study is the most suitable for modelling 
photocatalytic reaction rates under controlled periodic illumination 
however, the influence of γ on the reaction order and the variation of the 
constants Kads and kr with UV intensity makes the model suitable only for 
reactions with a single γ. The quantum yield model although speculative, 
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gives a good agreement between the trends for the experimental data 
and model data. This suggests a potential for the formulation of more 
detailed models which provide a thorough understanding of the CPI effect 
and photocatalytic rates in the aqueous phase. 
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CHAPTER IV 
4. DESIGN AND EVALUATION OF A NOVEL PHOTOREACTOR FOR 
GAS-SOLID PHOTOCATALYSIS 
4.1. Introduction 
In recent years, there has been a concentration of effort on the design of 
reactors for heterogeneous photocatalysis and this has led to different 
reactor configurations being reported in the research literature52, 73, 149. 
Photocatalytic reactors in heterogeneous photocatalysis bring together all 
elements such as photons, pollutant and catalyst that are required for 
the transformations of reactants, into a single unit that enables the 
monitoring and/or regulation of parameters such as mass transfer, 
temperature and concentration. This ensures that photons are 
adequately utilized, intermediate products can be identified and kinetics 
of the photocatalytic process can be studied therefore, the aim of reactor 
design is to optimize these elements and parameters to neutralize the 
pollutant completely and achieve the greatest possible yield.  
In order to achieve this, a large catalyst surface area is essential. 
Catalysts in the powdered form provide a larger surface area than 
immobilized catalysts which have significantly reduced surface area. The 
use of immobilized catalysts has however, now been widely reported in 
the literature150 because of its reduction of the cost of separating 
powdered catalysts from liquid in solid-liquid treatment processes and 
the reactor design possibilities it provides in gas-solid treatment. 
Different reactor configurations exists for gas-solid heterogeneous 
photocatalysis, Cassano and Alfano75 identified the four most widely 
reported configurations in the photocatalytic literature to be monoliths151, 
packed bed152, catalytic walls153 and fluidised bed154 photoreactors with 
the immobilized catalysts reactors being the most commonly used.  
The supports on which catalysts are immobilized vary greatly. Supports 
reported in the literature include but are not limited to glass, silica and 
optical fibre155. An ideal support should exhibit strong affinity for the 
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pollutants, strong binding with the catalyst, high specific surface area 
and not reduce catalyst reactivity as a result of the binding with the 
catalyst. In immobilized photoreactor development, the major challenges 
encountered are complications of reactor scale-up such as mixing, mass 
transport, reactant-catalyst contact and installation of catalysts and 
achieving a high ratio of activated catalyst to illuminated surface through 
efficient light intensity distribution inside the reactor156.  
 In this chapter, the development of a photocatalytic impeller reactor 
(PIR) for gas phase photocatalysis with a potential to overcome the 
aforementioned challenges is reported. The performance of this new 
reactor will be evaluated through mass transfer analysis in the photo-
oxidation of a VOC. Toluene vapour was used as a model pollutant and 
its degradation was used to evaluate the reactor performance. 
4.2. Photocatalytic Impeller Reactor (PIR) 
The photocatalytic impeller reactor (PIR) is a gas phase reactor which 
operates in principle as a stirred tank reactor. The reactor system 
consists of an ultra-band, 360 nm UV-LED (FoxUVTM) array wrapped 
around the reaction chamber as the illumination source. The reaction 
chamber was made of transparent PMMA tubing permitting UV 
transmission hence, virtually all UV irradiation from the light source is 
incident in the reaction chamber. A vertically aligned stainless steel shaft 
running through the centre of the chamber supports the impellers in the 
reactor. The impellers consist of glass slides (Fisherbrand FB58620) 
coated with TiO2 and the coated slides are inclined at 30° and arranged 
perpendicularly to each other on circular discs, the immobilized TiO2 film 
makes the impellers photoactive. A model of the impeller is shown in 
figure 4.1. 
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Figure 4.1: Model of the photocatalytic impeller supported on a central 
shaft. 
The shaft is supported at the top and bottom by ball bearings which 
make its rotation possible and sealed at the bottom with a double lip 
Viton rubber shaft seal where it exits the chamber and connects to a 
reversible synchronous motor. The reactor is sealed at the bottom with 
Viton gaskets as well as the top where three ports are located, the ports 
are an outlet sealed with propylene 2-way ball valves having Viton seals, 
an inert septum sealed inlet and a sampling port fitted with a filter and 
valve. Figure 4.2 shows a schematic diagram of the designed reactor. 
 
Figure 4.2: Schematic of photocatalytic impeller reactor. 
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4.3. Design and construction of photoreactor 
The design and construction of the photoreactor was carried out in three 
distinct stages with each stage involving a separate design process and 
outcome. The design processes included a computational fluid dynamics 
(CFD) modelling of the flow field within the photoreactor, synthesis and 
immobilisation of TiO2 on glass slides and the preparation of computer 
aided design (CAD) engineering drawings and material selection for the 
manufacture and construction of the photoreactor unit. 
4.4. CFD modelling of immobilized gas phase photoreactor 
The computational model for the photoreactor simulated hydrodynamics 
within the reaction chamber and provided an understanding of the flow 
field of the novel photoreactor configuration. Commercial CFD software 
ANSYS Fluent 13.0 was used to perform the simulations. 
4.4.1. Governing equations 
For the modelling of the photoreactor, it is assumed that the fluid (VOC) 
is under turbulent steady state flow, Newtonian, having constant physical 
properties, incompressible, isothermal and non-reactive. With these 
assumptions and using the Reynolds-averaged Navier-Stokes (RANS), 
the CFD model involved solving the continuity equation (4.1), time-
averaged conservation of species equation (4.2) and Reynolds-averaged 
Navier-Stokes equation (4.3) as follows157: 
Mass conservation equation 
                                                                          (4.1) 
Momentum conservation equation 
                                 (4.2) 
Species conservation equation 
                    (4.3) 
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Where the time-averaged value is indicated by the overbar, ρ is density, 
P is pressure, τ is the viscous stress tenor, Ji is the diffusive flux of 
species, mi is the mass fraction of species, and u is the fluctuating flow 
velocity. Specification of the mass fluxes and turbulent stresses in terms 
of time-averaged variables is the major challenge in the modelling of 
turbulent flow. There are several proposed turbulence models158, 159, but 
none of them is universally suitable for all conditions, therefore 
turbulence models need to be selected specifically for the problem being 
considered.  
4.4.2. Hydrodynamic model 
The hydrodynamic turbulence model employed in the simulation of this 
photoreactor is the RNG κ ε model, this model was used because it is 
more reliable and accurate for a wider class of flows than the other 
models160. The transport equations for the model are given as equations 
(4.4) and (4.5): 
 
           (4.4) 
 
and 
 
 (4.5) 
In the equations, Gk is the generation of turbulent kinetic energy as a 
result of mean velocity gradients, Gb is the generation of turbulent kinetic 
energy as a result of buoyancy, Ym is the effect of fluctuating dilalation in 
compressible turbulence to the overall rate of dissipation, ε and k are 
inverse effective Prandtl numbers for ε and κ respectively, Sε and Sk are 
user-defined source terms. C1ε and C2ε are constants whose values are 
derived analytically by the RNG theory. The default values used by 
ANSYS Fluent are 1.42 and 1.68 respectively. 
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4.4.3. Boundary conditions 
Boundary conditions are required for the hydrodynamic model; they 
specify fluxes such as momentum, energy, mass in the computational 
domain. The boundary conditions for this modelling being a batch reactor 
were simply defined as follows; an impeller wall, a fluid zone and the 
reactor wall. The standard wall function was selected for the near-wall 
treatment. 
4.4.4. Moving reference frame modelling 
The equations of fluid flow in ANSYS Fluent are solved in a stationary 
(inertial) reference frame by default. When modelling moving parts such 
as impellers, the flow around the impellers is of interest hence solving 
the fluid flow equations in a moving (non-inertial) reference frame (MRF) 
is advantageous (fig.4.3). Activating an MRF modifies the equations of 
motion, therefore incorporating other terms which are a result of the 
transformation from stationary to moving reference frame. 
 
Figure 4.3: Moving reference frame modelling with a single impeller144. 
The computational domain for this photoreactor because of its simple 
geometry is taken as a single reference frame (SRF)161. The impeller wall 
was defined to rotate with the fluid zone which was taken as the 
reference frame while the reactor wall which forms a surface of 
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revolution about the axis of rotation was defined as non-moving with 
respect to the stationary coordinate system with an absolute velocity of 
zero. 
4.4.5. Numerical solution method 
ANSYS 13.0 Fluid Flow Fluent was used to perform the simulations, the 
SIMPLE algorithm was used for the pressure-velocity coupling scheme. 
First order upwind spatial discretization scheme was employed. The 
simulation was initialized with the default values using the standard 
initialization method and the relative to cell zone reference frame. The 
number of iterations was set to 1175 and convergence of the numerical 
solution was monitored on the scaled residuals for the three different 
simulations. 
4.4.6. Mass transfer in the PIR reactor 
Generally for immobilized reactors, the surface area of the catalyst is 
greatly reduced therefore, reactants travel longer distances before 
reaching photocatalytically active sites. This results in mass transfer 
limitations in immobilized reactors162. Mass transfer which is driven by a 
gradient in chemical potential or convection forces within reactors, in the 
photocatalytic impeller reactor is aided by the rotating motion of the 
photocatalytic modified rushton impellers which provide a radial flow of 
the gas/vapour within the reactor. Ansys Fluent 13 was used to perform 
a flow field simulation within the reactor during operation using the RNG 
k-ε turbulence model (fig.4.4).  
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(a) 
 
(b) 
 
(c) 
 
Figure 4.4: Flow field simulation in the photocatalytic impeller reactor 
comparing different numbers of impellers (a) 1 impeller (b) 2 impellers 
(c) 3 impellers. 
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The simulation was run with the impeller blades at 30Ԩ, rotational speed 
of 478 rpm with toluene vapour as the fluid. However, in a photocatalytic 
impeller reactor with single pollutant molecule, rapid mixing is not the 
objective but the elimination of concentration gradients. For this reactor 
design, this is achieved with three 4-bladed impellers of equal clearance 
which distribute the turbulence uniformly, creating separate zones while 
reducing areas with little or no kinetic energy as a result of the flow.  
The reactor has an illuminated catalyst surface area per unit reactor 
volume of 17.57 m-1 which is a lower limit of the real value due to the 
porous morphology of the immobilized TiO2. The diffusion flux of the 
toluene vapour through the thin-film simultaneously with photocatalytic 
degradation of gaseous molecules is described by equation (4.6)163: 
                       δq/δt = Ds (δ2q/δz2) – k Im qn                        (4.6) 
where q is the concentration of sorbed gaseous molecules in the thin-film 
catalyst, Ds is the effective diffusivity, in the catalyst, k is the 
photocatalytic reaction rate constant, I is the illumination intensity, z is 
the distance from the catalyst support surface, t is the reaction time 
while m and n are constants of reaction order. The first term on the right 
hand side accounts for internal mass transfer and is a product of toluene 
diffusivity in air (Ds = 8.49E-6 m2/s ) and Fick’s second law of diffusion 
while the second term accounts for the photocatalytic reaction taking 
place. 
4.5. Immobilized TiO2 catalyst preparation 
The photocatalyst used in the photoreactor was titanium dioxide, titania 
sol was synthesized in situ through the sol-gel process. The synthesized 
titania sol was immobilized on glass slides of dimension 38 mm ൈ 26 mm 
through the dip coating process and annealed to produce crystalline thin 
film coatings. An overview of the process is shown in figure 4.5. 
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Figure 4.5: An overview of the catalyst preparation process. 
The synthesized thin films were characterized to determine the thickness, 
elemental composition, surface structure, crystalline form, UV 
absorbance and photoactivity.  
4.5.1. Sol-gel synthesis 
The sol-gel process involves a precursor in a solvent undergoing 
polycondensation reactions leading to the formation of an oxide network. 
Its aim is to dissolve the desired compound in a liquid so it can be 
brought back as a solid in a controlled manner. The process has several 
advantages such as homogeneity, it enables mixing at atomic levels, 
preparation of multi component compounds, purity, ease of processing, 
ambient temperature,  and low cost. Hydrolysis of a titanium alkoxide 
precursor is the primary process of TiO2 synthesis by the sol-gel process 
and there are two different routes depending on the processing 
parameters164, 165; 
i. The polymeric route – the solvent used is usually an alcohol and 
the hydrolysis reaction is carefully controlled by the introduction of 
a small amount of water. An acid catalyst (HNO3 or HCl) is added 
to complex the alkoxide prior to the hydrolysis reaction hence 
decreasing the reaction rate. The outcome is an amorphous film 
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which needs to be annealed in a furnace at a specific temperature 
depending on the required form, to produce crystalline films. 
ii. Excess water hydrolysis route – water in large quantity with 
respect to the alkoxide precursor is employed as the solvent in this 
route, hydrolysis occurs rapidly resulting in the formation of 
ultrafine nanoparticles166 which agglomerate quickly, resulting in 
large aggregates having macroscopic dimensions167. The 
aggregates are broken down by peptization using an inorganic acid 
(HNO3 or HCl) to form a colloidal suspension containing crystalline 
nanoparticles which are predominantly anatase168. 
The polymeric route was employed in the synthesis of titania sols for the 
TiO2 photocatalysts. The sol was prepared using titanium(IV)isopropoxide 
(TTIP) as the precursor, propan-2-ol as the solvent and nitric acid (HNO3) 
as the catalyst with a limited amount of water for the hydrolysis reaction. 
Propan-2-ol (65 mL) was added to 5 mL of TTIP and stirred vigorously for 
2 hours. A mixture of 51 µL HNO3, 349 µL distilled water and 5 mL 
propan-2-ol was added dropwise and stirring continued for a further 15 
minutes.  
The process begins with the vigorous hydrolysis reaction which takes 
place between TTIP and water can be represented by equation (4.7)169. 
             TiሺOCଷH଻ሻସ  ൅  xHଶO  ՜ TiሺOCଷH଻ሻସିX ሺOHሻX  ൅ xHOCଷH଻            (4.7) 
Then a propagation step which is the condensation of hydrolyzed species 
and bridging of oxygen takes place, resulting in the formation of an 
inorganic network through a chain of polymerization and hydrolysis 
reactions (4.8)165, 169. 
2ሾTiሺOCଷH଻ሻସି୶ሺ0Hሻ୶ሿ ՜ TiሺOCଷH଻ሻସି୶ ሺOHሻ୶ିଵ െ O െ TiሺOCଷH଻ሻସି୶ିଵ ሺOHሻX  ൅
HOCଷH଻                                                                                     (4.8) 
The resulting sol was sonicated for 2 minutes and stored in plastic 
vessels. 
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4.5.2. Sol-gel deposition 
The photocatalyst thin films were deposited on the glass substrate 
(Fisherbrand FB58620) through the dip coating process. The process has 
5 steps; immersion, start-up, deposition, drainage and evaporation. The 
substrate was immersed into the sol at a constant speed and remained 
there for a 60 seconds after which it was withdrawn (start-up). 
Deposition takes place during withdrawal at a constant speed; the 
deposited layer is thicker when quickly withdrawn and thinner when 
withdrawn at a slow speed. The deposited film undergoes gravitational 
draining and evaporation which keeps the thin film thickness uniform170. 
These 5 steps are illustrated in figure 4.6. 
 
Figure 4.6: The stages in the dip coating process170. 
After sol deposition, the deposited film was air dried for 1 hour, 
undergoing solvent evaporation and solute condensation to form a 
composite layer having a chemical composition in which all titanium 
atoms form part of the network (4.9) 
                              TiሺOCଷH଻ or OHሻଶି୷ ሺOሻ୷                                (4.9) 
The TiO2 thin film as-deposited is amorphous, amorphous TiO2 films are 
generally inactive but gain high photoactivity when coupled with metal 
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oxides171, 172. The amorphous thin film was annealed in a furnace for 1 
hour where it underwent thermal treatment at 500Ԩ resulting in the 
formation of crystalline TiO2 films. The molecular structure of the film 
after thermal treatment is such that all oxygen atoms bond with titanium 
atoms leading to a very homogeneous and pure oxide network and can 
be described by equation (4.10) proposed by Valtiera et al.169. 
    2ሾTiሺOCଷH଻ or OHሻሺOሻሿ  ൅ air ൅൐ 400Ԩ  ՜ 2TiOଶ  ൅ 3COଶ   ՛  ൅ 4HଶO  ՛  (4.10) 
The thermal treatment fuses the TiO2 particles together, decomposes any 
organic molecule and binds the titania film to the glass substrate. The 
final crystalline TiO2 thin film was transparent and its adhesion to the 
glass substrate survives the adhesion test using an adhesive tape. 
4.5.3. Characterization of TiO2 thin films 
The TiO2 thin film was characterized in order to determine its physical 
and chemical properties such as chemical composition, crystalline 
structure, UV absorbance, film thickness and photoactivity. 
i) Physical characteristics 
An EVO LS10, Zeiss scanning electron microscope (SEM) was used to 
investigate the surface topography and thickness of the thin film coating. 
The coating had a smooth plain surface and had to be cracked in order to 
make the film visible and to expose a cross section from which the 
thickness could be determined (fig. 4.7). 
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(a) 
 
 (b) 
 
Figure 4.7: SEM image showing (a) Surface topography of cracked 
coating; (b) Cross section of coated substrate showing film thickness. 
The thin film was continuous without cracks and has an average uniform 
thickness of 8 µm. The weight of the thin film coating was determined to 
be <0.001 g because the weight of the glass substrate, glass substrate 
after coating and after annealing were the same. 
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ii) Optical characteristics 
The UV/Vis absorbance of the TiO2 coating was measured using a Perkin 
Elmer Lambda 950 UV/Vis spectrometer (fig. 4.8).  
 
Figure 4.8: UV/Vis absorbance of uncoated substrate (blue) and coated 
substrate (red and green). 
Air was used as the blank and then the absorbance of an uncoated and a 
coated glass substrate were measured. The results show an increase in 
UV absorbance from ~0.05 in the uncoated substrate to ~0.42 in the 
coated substrate at 360 nm, indicating UV absorbance by the TiO2 
coating at the wavelength of the illumination source. 
iii) Elemental analysis and characterization 
The elemental analysis and characterization of the TiO2 coating was 
carried out using an Inca system, Oxford Instruments Energy dispersive 
X-ray spectroscopy (EDAX). This technique provides information on the 
composition of the thin film coating on the substrate (fig. 4.9). 
101 | P a g e  
 
 
Figure 4.9: EDAX analysis results showing presence of titanium and 
oxygen in the thin film. 
The analysis results showed the presence of the various elements the 
substrate is composed of, confirming it to be glass. Titanium and oxygen 
were also present in the thin film coating indicating the presence of TiO2. 
iv) Photoactivity 
The photoactivity of the TiO2 thin film coating was first tested using an 
RZ PhotoCat pen173 which has an ink that changes from blue to orange 
upon UV irradiation on a photocatalytic surface. The blue ink readily 
turned to orange on the coated glass slides indicating the presence of a 
photoactive coating. Photocatalytic oxidation of a dye, using the 
degradation of methyl orange in the aqueous phase was used to test its 
reaction properties. Using the TiO2 coated glass slides of dimension 
25ൈ15ൈ1 mm and total surface area of 2490 mm2, the photocatalytic 
degradation of 14 mL methyl orange solution of 1 µM concentration was 
carried out under continuous illumination (fig. 4.10). 
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Figure 4.10: Photocatalytic degradation of methyl orange by TiO2 thin 
film coated glass slide. 
The results show a ~60% degradation of the methyl orange solution 
after six hours of irradiation by UV-LEDs, the reaction mixture was not 
stirred and was therefore mass transport limited. Control experiments 
were also carried out to investigate the effects of TiO2 and UV light alone 
on the reaction. 
4.6. Construction and manufacture of photoreactor unit 
The two major steps in the construction of a photocatalytic reactor are 
the preparation of the engineering drawings and material selection for 
the reactor parts. These two steps follow conceptualization and design 
and precede the actual fabrication of the complete assembly. 
4.6.1. Engineering drawings 
The novel design and configuration of the gas phase photoreactor 
required that detailed engineering drawings were prepared for its 
construction. Figure 4.11 shows the engineering drawing of the 
photoreactor cover. 
 
0
20
40
60
80
100
120
0 100 200 300 400 500
A
m
ou
nt
 lef
t,
 %
Time, Min
TiO2 + UV TiO2 Control UV control
103 | P a g e  
 
 
Figure 4.11: Engineering drawings showing (a) side elevation and (b) 
plan of photoreactor cover. 
All engineering drawings (Appendix B) used were drawn using AutoCAD 
2010 commercial software and were the basis for the fabrication of all 
the parts of the photoreactor. 
4.6.2. Material selection 
When designing and building a photoreactor, care has to be taken in 
selecting materials that are appropriate for the experimental work to be 
carried out, selected materials must be able to meet the performance 
goals of the photoreactor. A systematic selection approach was used and 
this involved scrutiny of the optical, chemical, thermal and mechanical 
properties of the materials used. 
(a) 
(b) 
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i) Sub-assembly 
The sub-assembly which consisted of the reaction chamber, top and 
bottom covers and plates for the photoreactor were made of Poly(methyl 
methacrylate) (PMMA). The PMMA was manufactured by Evonik 
industries (PLEXIGLAS® XT) and had a 92% transmission of UV light and 
transparent. The reaction chamber was 200 mm in height, 3 mm thick 
and 94 mm ID.  
ii) Seals 
Silicone was used to seal the reaction chamber to the top and bottom 
plates to form the subassembly. The RTV silicone sealant was 
manufactured by Delta adhesives and was of engineering grade, this 
provided a robust but temporary seal which made maintenance relatively 
easy. Viton seals in the form of a shaft seal were used for the sealing of 
the photoreactor shaft while the sub-assembly top and bottom covers 
were sealed using Viton gaskets. Viton has a good resistance to chemical 
attack by toluene vapour and hydrocarbons in general. Its resistance to 
chemical attack increases with fluorine content 174 however, it is attacked 
by organic acids, ketones and acetone.  
iii) Stainless steel shaft 
A stainless steel shaft (316 grade) was used to support the discs on 
which the immobilized catalyst was fixed. Stainless steel was chosen to 
prevent oxidation of the metal shaft by toluene vapour and also because 
of its strength to support the weight of the immobilized catalyst structure 
and distribute the torque to the ball bearings. It was connected through a 
shaft seal to and coupled to an electric motor which provides the rotary 
motion of the immobilized photocatalyst. 
iv) Polypropylene valves 
The inlet and outlet valves (Cole-Parmer) on top of the photoreactor 
were made of polypropylene. Polypropylene has a fair resistance to 
chemical attack by toluene vapour which only has a moderate effect on 
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it. Internally, the valves had Viton seals which are also resistant to 
toluene vapour attack.  
v) Sampling port 
A custom designed sampling port made of the same grade PMMA as the 
sub-assembly was designed, this port was designed to fit with a water 
trap filter which connects to the VOC monitor for concentration 
monitoring of toluene vapour within the photoreactor (fig. 4.12). 
 
 
Figure 4.12: Reactor showing (b) custom designed sampling port with 
water trap filter attached and (a) arrangement of ports on the top of the 
photoreactor. 
vi) Electric motor 
The rotation of the Rushton impeller was made possible by a reversible 
synchronous geared AC motor manufactured by Crouzet. The motor was 
located beneath the sub-assembly and was connected to the Rushton 
impeller by the stainless steel shaft. Figure 4.13 shows the full assembly 
(a) (b) 
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of the photoreactor with the electric motor installed at the base and other 
stages of assembly. 
(a)      (b) 
   
(C) 
 
Figure 4.13: Designed photoreactor showing (a) full assembly (b) shaft 
and photocatalytic impellers (c) reactor without UV-LED array. 
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4.6.3. Leak test 
The PIR photoreactor was designed for gas phase photocatalysis and so 
had to be gas-tight. A Thermo Scientific GLD PRO Leak Detector (fig. 
4.14) which is able to detect minute leaks of all gasses was used for the 
test. 
 
Figure 4.14: Leak test detector used to ensure the photoreactor was gas-
tight. 
The device is designed specifically for use with gas chromatography (GC) 
systems and it detects leaks using a thermal conductivity comparison 
between the probe gas and air as a reference. 
4.7. Mode of operation 
The designed photoreactor was operated in the batch mode for gas phase 
photocatalysis and because of the objective of the experimental work to 
be carried out, its mode of operation was put into consideration at every 
step of the design stage. 
4.7.1. Light source 
The geometry and shape of the reaction chamber and the full assembly 
was designed for the operation of UV-LEDs as the light source; because 
of the rotating immobilised photocatalyst, it was essential for illumination 
of the interior of the reaction chamber to come from a multi-directional 
source. UV-LEDs were designed in an array on stripboards and attached 
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to the top and bottom plates around the circumference of the reaction 
chamber (fig. 4.5). 
 
 
Figure 4.15: Designed photoreactor showing (a) UV-LED array for multi-
directional illumination (b) UV-LED on strips. 
4.7.2. Sample collection 
The concentration of the sample VOC within the photoreactor was 
monitored using a MiniRae 2000 portable VOC monitor (fig. 4.16). The 
VOC monitor has a Photoionization Detector (PID) with an extended 
range of 0-10,000 ppm and a quick 3 second response time. 
(a) (b) 
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Figure 4.16: MiniRae 2000 VOC monitor used for monitoring sample 
concentration. 
It is ideal for headspace sampling and can be operated in a discrete 
sampling mode or continuous sampling mode. The PID was connected by 
Tygon tubes to the sampling ports and used to monitor VOC 
concentration during the experiments.  
4.8. Operation and evaluation of the PIR reactor 
The performance of the designed photoreactor was evaluated with regard 
to photo-oxidation reaction rates, photonic efficiency of the photo-
oxidation reaction and mass transfer limitation of the process. Mass 
transfer is particularly important because it has been reported to 
significantly reduce photocatalytic reaction rates in reactions that are 
diffusion controlled175. 
The fingerprint compound for the evaluation of the photoreactor was 
toluene. Toluene is one of the BTEX group of VOCs which is made up of 
benzene, toluene, Ethylbenzene and Xylene. The BTEX compounds are a 
major component of VOC emissions by the oil and gas industry because 
they are emitted during several oil and gas operations and toluene in 
particular is of interest in heterogeneous photocatalysis due to the 
eventual loss of activity by the catalyst that occurs during its photo-
oxidation. 
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4.9. Experimental methods and materials 
Known volume of toluene vapour (Fisher scientific) was withdrawn from 
toluene reagent headspace at room temperature using a gas tight 
syringe (SGE), and introduced into the air saturated reactor. Control 
measurements of toluene vapour concentration in the vacant reactor (fig. 
4.17) were taken over a period of 1 h in the absence of both UV 
illumination and immobilized catalyst, with immobilized catalysts alone 
and with UV illumination alone.  
 
Figure 4.17: Control experiments of toluene vapour in the PIR reactor. 
Photocatalytic degradation of toluene involved illumination of the 
immobilized catalysts by a UV-LED array of 5.58 Wm-2 intensity 
immediately after 10 mins of dark adsorption, followed by the rotation of 
the photocatalytic modified Rushton impellers at 10 RPM and real-time 
monitoring of toluene concentration with a VOC monitor (MiniRAE 2000). 
Reaction conditions were at room temperature and atmospheric pressure. 
4.10. Toluene photo-oxidation in the PIR reactor 
The stoichiometry and reaction pathway of complete mineralization of 
toluene by TiO2 photocatalysis has been widely studied and reported176, 
177(fig.4.18), its photo-oxidation in gas-solid photocatalysis is 
characterized by the formation of solid intermediates which bond strongly 
to the immobilized TiO2 thin film178.  
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Figure 4.18: Possible pathways of toluene photo-oxidation as proposed 
by d’Hennezel et al. 
The intermediates compete with the toluene molecule for active sites and 
are responsible for the loss of activity or deactivation and discolouration65 
of TiO2 catalysts observed after toluene photo-oxidation.  
4.10.1. Deactivation of immobilized TiO2 thin film 
The deactivation of TiO2 photocatalysts can occur either as a reversible179 
or irreversible180 deactivation and the aim of photocatalyst regeneration 
is to remove deactivating species without causing irreversible loss of 
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activity to the photocatalyst. Figure 4.19 is a simple schematic of toluene 
photo-oxidation showing the primary intermediates. 
 
Figure 4.19: Pathway of toluene photo-oxidation showing the primary 
intermediates. 
Previous studies have shown the amount and chemical composition of 
adsorbed deactivating species can determine if deactivation will be 
reversible or irreversible, the surface morphology of the photocatalyst 
also plays an important role181. Surfaces with a high amount of defects 
and irregularities like an immobilized thin film experience stronger 
adsorption and have lower removal rates of deactivating species, this 
may hamper the regeneration process and lead to irreversible 
deactivation. The regeneration of deactivated catalysts from toluene 
photo-oxidation is widely reported in the literature66, 67 and was therefore 
not a focus of this investigation67.  
Due to the low illuminated catalyst surface area per unit reactor volume 
compared to reactors of other configurations182, toluene degradation rate 
proceeded moderately with around 50% degradation achieved after a 
reaction time of 3 hours. Upon UV illumination, adsorbed toluene 
molecules desorb from the surface resulting in an increase in measured 
concentration. This is followed by a steady rate of degradation which 
later declines as a result of gradual loss of activity of the immobilized 
TiO2 catalyst film due to strong binding of intermediate species on the 
catalyst surface183. Figure 4.20 shows the reducing activity of the 
immobilized TiO2 catalyst which indicates catalyst deactivation. Unlike 
single-pass reactors, catalyst deactivation in batch reactors is concealed 
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by the concentration gradients in the reactor over the reaction time. The 
effect of deactivation on toluene photo oxidation was investigated as 
previously demonstrated by You et al.66 by carrying out repeated runs of 
the same experimental conditions using the same photocatalytic impeller 
after flushing the reactor with fresh air. Reduced activity of the TiO2 
catalyst film becomes evident after the second run with almost total loss 
of activity on the fourth run. 
 
Figure 4.20: Photo-oxidation of toluene vapour showing loss of catalyst 
activity with repeated runs. The error bars are the standard deviations 
from the mean value of repeated experiments. 
4.10.2. Langmuir-Hinshelwood kinetics 
The rate of gas phase photo-oxidation of several VOCs including toluene 
have been previously shown to obey the Langmuir-Hinshelwood rate 
equation78 (4.11), the accuracy of this model is based on the adsorption 
of a single reactant to the surface and the assumption that there is little 
or no competing adsorption by intermediate products.  
      -r = k Kads [Toluene]/1 + Kads [Toluene]            (4.11) 
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At the low concentrations used in this study, between 2 ppm and 11 
ppm, adsorption of toluene onto the photocatalytic impellers was 
marginal and reduced activity due to deactivation was noticeable after 
the first 6 hours. First-order kinetics was observed for the disappearance 
of toluene within this concentration and a linear plot of the double 
reciprocal of rate versus concentration verified the suitability of the 
Langmuir-Hinshelwood rate equation in modelling the photocatalytic 
reaction rates (fig. 4.21) with calculated apparent rate constant k of 
0.0118 s-1 and a Langmuir adsorption coefficient Kads of 0.3316 dm3 ppm-
1. 
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Figure 4.21: Comparison of toluene experimental and model degradation 
rates. Inset is the double reciprocal plot of rate versus concentration. 
4.10.3. Influence of mass transfer on toluene photo-oxidation 
The observed heterogeneous photocatalytic degradation of the toluene 
vapour occured at the boundary of the diffusion domain and was first-
order. For photocatalytic reactions that obey the Langmuir-Hinshelwood 
rate equation, the heterogeneous second Damköhler number184(4.12) is 
a representation of the ratio of the heterogeneous reaction rate to the 
radial diffusion rate. A Damköhler number above unity indicates toluene 
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diffusion time scale is greater than toluene reaction time scale hence, the 
overall process is mass transfer limited. 
DaII = Reaction rate/Diffusive mass transfer rate  (4.12) 
For the reactor used in this study which is characterized by a radial flow 
aided by the impellers within the reactor, the dimensionless second 
Damköhler number was derived using the equation adapted by Gorges et 
al.185 as follows: 
           DaII = k/[(βa/Kads) + βaCb]                       (4.13) 
Where k is the apparent rate constant, Kads is the Langmuir adsorption 
coefficient obtained from the slope of the double reciprocal linear plot in 
fig. 4.21 where 1/k is the intercept and 1/kKads equals the slope, Cb is the 
bulk toluene concentration, a is the interfacial area per unit volume of 
the reactor while β is the mass transfer coefficient such that  
 Sh ≡  βdh/Ds     (4.14) 
dh and Ds are the reactor hydraulic diameter (0.094 m) and diffusivity of 
toluene in air respectively, Sh is the Sherwood number computed from 
Froessling equation (4.15) 
Sh = 2 + 0.55Re0.5Sc0.3    (4.15) 
Where Re and Sc are the dimensionless Reynolds (1.418) and Schmidt 
(17) numbers respectively. Table 4.1. shows the Damköhler number at 
different bulk concentrations, the results shows DaII < 1 for all bulk 
concentrations indicating toluene photo-oxidation within the PIR reactor 
is reaction controlled. An increase in DaII as bulk concentration decreases 
is observed, this is consistent with previous studies185 and Fick’s first law 
hence, mass transfer limitations are greater at lower bulk concentrations 
of toluene photo-oxidation in the reactor. 
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Table 4.1: Damköhler number of toluene degradation at different bulk 
concentrations. 
Cb (ppm) Damköhler no. (DaII) 
10.6 0.2 
5.0 0.3 
4.8 0.3 
2.6 0.4 
1.6 0.4 
4.10.4. Photonic efficiency of toluene photo-oxidation in the PIR 
reactor  
In gas phase heterogeneous photocatalysis, typical quantum yields (φ) 
for reactions involving TiO2 catalysts may exceed 50% under low UV 
illumination80, this low efficiency has been previously attributed to mass 
transfer limitations, slow oxygen scavenging and charge-carrier 
recombination64, 85, 186. For toluene photo-oxidation in the PIR reactor, 
photonic efficiency (ζ) (4.16) which takes into consideration the photons 
incident on the photocatalyst and is therefore a lower limit of φ was 
correlated with mass transfer limitation and catalyst deactivation through 
the Damköhler number and reduced rates of reaction through loss of 
catalyst activity respectively (Table 4.2). 
                ζ = Reaction rate/Incident photon rate   (4.16) 
Table 4.2: Damköhler number of toluene degradation at different bulk 
concentrations. 
Cb (ppm) Rate (ppm/s) 
Photonic Efficiency 
(%) 
DaII 
4.4 2.04E-04 2.0 0.3 
4.4 2.04E-04 2.0 0.3 
1.4 2.78E-05 0.3 0.5 
1.4 9.26E-06 0.1 0.5 
1.2 9.26E-06 0.1 0.5 
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Incident photon rate for the UV-LED array was 9.98E-7 Einsteins L-1 s-1,  
reaction rates for toluene photo-oxidation were determined using the 
same photocatalytic impellers for five different 3 hour experiments. T he 
immobilized catalyst deactivated with each experiment and was reused 
for subsequent experiments and different bulk concentrations were used 
to vary the diffusion flux of toluene. The efficiency of photon utilization 
during toluene photo-oxidation in the PIR reactor showed a steady 
reduction as reaction rate reduced due to severe catalyst deactivation 
with increasing DaII values indicating diffusional resistance also 
contributing to the low photonic efficiencies. The observed photonic 
efficiency showed equivalent values at both experiments of Cb = 4.4 ppm 
because the effects of deactivation becomes significant after the first 6 
hours. At Cb = 1.4 ppm, toluene photo-oxidation rate is slower for the 
latter experiment hence, a lower photonic efficiency. After 12 hour of 
continuous toluene photo-oxidation, the immobilized catalyst is 
deactivated and this is indicated by the stagnating photo-oxidation rates 
and photonic efficiency at Cb = 1.4 ppm and 1.2 ppm. 
4.11. Conclusion 
A novel photocatalytic reactor based on a stirred tank configuration has 
been described; this reactor employs the use of photocatalytic impellers 
to aid the mass transport of gaseous organic compounds during 
photocatalytic reactions. Experiments involving toluene vapour photo-
oxidation showed the reactor configuration is susceptible to catalyst 
deactivation even at low concentrations if treated for prolonged periods. 
In gas-solid heterogeneous photocatalysis, mass transfer of the reactants 
from the bulk to the catalyst surface is the single most important process 
especially in the photo-oxidation of VOCs which deactivate TiO2 catalysts. 
Ultimately, this chapter shows the efficiency of photon utilization during 
the photo-oxidation of toluene in the PIR reactor is a function of the 
reaction rate which is affected by any limitations in mass diffusion of 
toluene to the immobilized catalyst and the simultaneous deactivation 
process. For the designed reactor used in this study, toluene photo-
oxidation was reaction limited and the deactivation of the immobilized 
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catalyst further decreased the photo-oxidation rate of toluene vapour. 
The primary concern in the design of future immobilized reactors will be 
overcoming these limitations or adequately accounting for their effects. 
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CHAPTER V 
5. CONCLUSION, CONTRIBUTION AND RECOMMENDATION FOR 
FUTURE WORK 
5.1. Conclusion 
Technological and industrial advances have led to large scale 
urbanization, industrialization and economic progress for many nations. 
This progress however, has had significant negative impacts on the 
environment particularly in the pollution of water and air. The increasing 
activities and expansion of the global oil and gas industry which is a 
major source of pollution to air and water has drawn a lot of focus to oil 
and gas activities as a source of pollution. Public awareness on the 
effects of environmental pollution especially from industries has also 
increased rapidly because of the cost in terms of public health, 
environmental degradation and social wellbeing. This has led to the 
regulation of the activities of the oil and gas industry with regard to 
emissions/effluent discharge to air and water and the implementation of 
measures for environmental protection by governments. 
Volatile organic compounds (VOCs) which make up a significant amount 
of the emissions of the oil and gas industry have characteristics which 
make them suitable for degradation and mineralisation through 
heterogeneous photocatalysis. The majority of emissions from this 
industry however, are fugitive emissions with only a limited amount from 
point sources. Scale up of laboratory scale photocatalytic reactors and 
treatment systems such as have been designed in this research work can 
only have applications in VOC treatment from point sources. 
Nevertheless, the application of semiconductor photocatalysis in the 
mineralization of aqueous and gaseous pollutants continues to remain a 
promising technology for environmental remediation. The goal of this 
project has been the improvement of the efficiency of this process in two 
ways; investigating the factors that influence photonic efficiency and the 
design of a highly efficient photoreactor. Even though outcomes show the 
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technique of CPI does not offer any advantage when applied alone, its 
application along with pH adjustments has been demonstrated to 
positively enhance photonic efficiency of photocatalytic oxidation 
reactions in a range of low duty cycles in a way which cannot be achieved 
by reducing UV intensity under continuous illumination. 
To date, there is not yet a full scale deployment of photoreactor units for 
treatment of organic waste streams in industry. Catalyst deactivation by 
aromatic VOCs which can only be overcome by regenerating the catalyst 
through physical and chemical methods also affect the efficiency of the 
process. If semiconductor photocatalysis as a viable treatment method is 
to be commercialized, the practical and economic feasibility of the 
process has to be demonstrated. In order to do this, the design of 
photoreactors that are highly efficient in photon utilization is particularly 
essential. The use of UV-LEDs as sources of UV illumination in the design 
of such reactors is a first step because of their high energy efficiency and 
flexibility in design of reactors of different configurations. 
5.2. Contribution 
The research work which has been carried out and reported in this thesis 
has made a number of significant contributions to the understanding of 
the photonic efficiency of heterogeneous semiconductor photocatalysis as 
a whole. 
5.2.1. A unique experimental approach 
First among many contributions in this thesis is the study in chapter 2 
which first showed experimentally in a closed loop and in one study that 
CPI under equivalent photon absorption by the catalyst does not provide 
any advantage over continuous UV illumination. The results of this study 
are published in the journal of catalysis100, indicating the novelty of the 
controlled experimental design of the experiments and the relevance of 
the study. 
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5.2.2. Optimizing photonic efficiency 
In chapter 3, an investigation of the combined effects of pH, duty cycle 
and role of oxidizing species on photonic efficiency is carried out. The 
results of this study outlines how photonic efficiency can be optimized 
under CPI through the harmonization of interaction between catalyst 
surface and reactants, duty cycle of illumination and oxidizing species. 
This study is published in the chemical engineering journal (Appendix 
D.2) indicating the importance of the findings in the study. 
5.2.3. A new limitation for the Langmuir-Hinshelwood rate 
model 
The Langmuir-Hinshelwood rate equation is suitable for predicting 
reaction rates of most photocatalytic reactions using the initial rates 
method despite the shortcomings187 of this method. As a result of this, it 
is widely applied to photocatalytic reactions and a modified L-H model by 
Chen et al.89 was adapted for photocatalytic reactions under CPI. The 
theoretical study in chapter 3 reports the limitations of this model’s 
accuracy to reactions under a single duty cycle. When a range of duty 
cycles is involved, the model is unable to produce a good fit for 
experimental data. 
5.2.4. Re-thinking photoreactor design 
A Photocatalytic Impeller Reactor (PIR) is a reactor in which mass 
transfer of reactants within the reactor is aided by a photocatalytic 
impeller acting as an immobilized photocatalyst. This novel photoreactor 
configuration is first conceptualized, designed and introduced in chapter 
4 of this research. The results of its evaluation are promising and show 
the potential which novel reactor designs like the PIR reactor can have in 
overcoming the limitations of immobilized reactor configurations. 
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5.2.5. Photonic efficiency as a function of mass transfer and 
deactivation rate 
In the evaluation of the PIR reactor, the correlation of photonic efficiency 
of toluene photo-oxidation with mass transfer limitations and rate of loss 
of catalyst activity through catalyst deactivation is shown. This is 
important especially for understanding the low photonic efficiencies which 
characterize VOC treatment using heterogeneous photocatalysis. 
5.2.6. Review of a body of knowledge 
A review of the literature before and during this research work show the 
vast majority of irradiation sources used in photocatalysis studies to be 
artificial, usually in the form of UV lamps. A few studies have utilized 
lasers while there is an increase in the use of UV-LEDs. Artificial lighting 
sources in the form of UV-LEDs have been used all through this research 
work and this has led to a review journal paper titled ‘UV-LED sources for 
heterogeneous photocatalysis’ highlighting the present situation of UV-
LEDs as irradiation sources being written. The review will be another 
major contribution of this thesis as the importance of UV-LEDs going 
forward in the field of photocatalysis and all advantages they offer will be 
made available in a single paper. 
5.3. Recommendations for future work 
The objectives of this research have largely been met but looking 
forward, there are several recommendations necessary for future work in 
this area of research and to the research community in the field of 
semiconductor photocatalysis 
5.3.1. The future of controlled periodic illumination 
Although the initial hypothesis which controlled periodic illumination was 
based on had the primary aim of enhancement of photonic efficiency, this 
is however not possible when it is applied alone. This technique can find 
applications in other areas of photocatalysis such as investigating its use 
in inhibiting catalyst deactivation in gas-solid photocatalysis. 
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5.3.2. Photocatalytic reaction rate modelling 
The use of the Langmuir-Hinshelwood rate equation for the correlation of 
photocatalytic rates of reactions under controlled periodic illumination is 
inadequate; the modified L-H model fails to predict rates when a range of 
illumination duty cycle is used. This makes the development of rate 
models or the modification of the L-H model similar to the work by 
Mehrvar et al.187 to accurately fit experimental data relevant for future 
CPI studies. 
5.3.3. Photoreactor design 
The photoreactor designed in this study used temporary materials such 
as PMMA and silicone seals, this was necessary for flexibility, adaptability 
and easy maintenance. In order to accurately assess the performance of 
the Photocatalytic Impeller Reactor (PIR) configuration, permanent and 
durable materials such as stainless steel and glass should be employed in 
the design of future reactors of this configuration. 
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APPENDIX A 
 
 
 
A.1: Methyl orange UV/Vis absorption spectra with a peak at 462 nm 
 
 
 
 
 
A.2: Rose bengal UV/Vis absorption spectra with peak at 548 nm. 
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A.3: TiO2 control experiment for methyl orange 
 
 
 
 
 
 
 
 
A.4: Ultra Violet (UV) illumination control experiment for methyl orange 
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A.5: TiO2 control experiment for rose bengal. 
 
 
 
 
 
 
A.6: Ultra Violet (UV) control for rose bengal dye 
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A.7: Oscilloscope generated square wave showing Ton and Toff 
 
 
 
 
 
 
A.8: Emission spectra of FoxUVTM LEDs from the manufacturer. 
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APPENDIX B 
 
 
 
 
B.1: Assembly plates. 
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B.2: Impeller disc. 
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B.3: Sampling port. 
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B.4: Bottom cover. 
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B.5: Subassembly. 
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B.6: Assembly. 
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APPENDIX C 
 
 
 
 
C.1: Permission/License for figures 1.4 and 1.5a 
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C.2: Permission/License for figures 1.3 and 1.7. 
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C.3: Permission/License for figures 1.6b and 1.8. 
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C.4: Permission/License for figure 2.2. 
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C.5: Permission/License for figure 3.1. 
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C.6: Permission/License for figure 3.2. 
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C.7: Permission/License for figure 3.3. 
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C.8: Permission/License for figure 4.18. 
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APPENDIX D 
 
Effect of controlled periodic based illumination on the photonic 
efficiency of photocatalytic degradation of methyl orange 
Oluwatosin I. Tokode, Radhakrishna Prabhu, Linda A Lawton and Peter K. 
J. Robertson. 
Abstract 
The use of controlled periodic illumination with UV-LEDs for enhancing 
photonic efficiency of photocatalytic decomposition processes in water 
has been investigated using methyl orange as a model compound.  The 
impact of the length of light and dark time periods (TON/TOFF times) on 
photo-degradation and photonic efficiency using a UV-LED illuminated 
photoreactor has been studied. The results have shown an inverse 
dependency of the photonic efficiency on duty cycle and a very little 
effect on TON or TOFF time periods, indicating no effect of rate limiting 
steps through mass diffusion or adsorption/desorption in the reaction. 
For this reactor, the photonic efficiency under controlled periodic 
illumination (CPI) matches to that of continuous illumination, for the 
same average UV light intensities. Furthermore, under CPI conditions, 
the photonic efficiency is inversely related to the average UV light 
intensity in the reactor, in the millisecond time regime. This is the first 
study that has investigated the effect of controlled periodic illumination 
using UV-LED sources. The results not only enhances the understanding 
of the effect of periodic illumination on photocatalytic processes but also 
provides a greater insight to the potential of these light sources in 
photocatalytic reactions. 
 
 
 
D.1: Abstract for journal paper published in J. Catal. 
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The effect of pH on the photonic efficiency of the destruction of 
methyl orange under controlled under periodic illumination with 
UV-LED sources 
Oluwatosin Tokode, Radhakrishna Prabhu, Linda A Lawton and Peter K. J. 
Robertson. 
Abstract 
The nature of photon interaction and reaction pH can have significant 
impacts on semiconductor photocatalysis. This paper describes the effect 
of pH on the photonic efficiency of photocatalytic reactions in the 
aqueous phase using TiO2 catalysts. The reactor was irradiated using 
periodic illumination with UV-LEDs through control of the illumination 
duty cycle (γ) through a series of light and dark times (Ton/Toff). Photonic 
efficiencies for methyl orange degradation were found to be comparable 
at high γ irrespective of pH. At lower γ, pH effects on photonic efficiency 
were very distinct across acidic, neutral and alkaline pH indicating an 
effect of complementary parameters. The results suggest photonic 
efficiency is greatest as illumination time, Ton approaches interfacial 
electron-transfer characteristic time which is within the range of this 
study or charge-carrier lifetimes upon extrapolation and also when 
electrostatic attraction between surface-trapped holes, {TiIVOH•}+ads and 
substrate molecules is strongest. 
 
 
D.2: Abstract for journal paper published in Chem. Eng. J. 
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Mathematical modelling of quantum yield enhancements of 
methyl orange photo-oxidation in aqueous TiO2 suspensions 
under controlled periodic UV-LED illumination 
Oluwatosin Tokode, Radhakrishna Prabhu, Linda A Lawton and Peter K. J. 
Robertson. 
Abstract 
Quantum yields of the photocatalytic degradation of methyl orange under 
Controlled Periodic Illumination (CPI) have been modelled using existing 
models. A modified Langmuir-Hinshelwood (L-H) rate equation was used 
to predict the degradation reaction rates of methyl orange at various 
duty cycles and a simple photocatalytic model was applied in modelling 
quantum yield enhancement of the photocatalytic process due to the CPI 
effect. A good agreement between the modelled and experimental data 
was achieved for quantum yield modelling while the limitations of the L-H 
model in predicting photocatalytic rates of periodically illuminated TiO2 
suspensions resulted in a divergent trend from the experimental data. 
 
 
D.3: Abstract for journal paper published in Appl. Catal. B 
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A photocatalytic impeller reactor for gas phase heterogeneous 
photocatalysis  
Oluwatosin Tokode, Radhakrishna Prabhu, Linda A Lawton and Peter K. J. 
Robertson.  
Abstract  
A novel photocatalytic reactor based on a stirred tank configuration has 
been described. This reactor employs the use of photocatalytic impellers 
to aid the mass transport of gaseous organic compounds during 
photocatalytic reactions. Experiments involving toluene vapour photo-
oxidation showed the reactor configuration is susceptible to catalyst 
deactivation even at low concentrations if treated for prolonged periods. 
For this reactor, the reactive time scale exceeds the diffusive time scale 
hence, toluene photo-oxidation was mass reaction limited. The 
dependency of photonic efficiency of the reaction on mass transfer and 
catalyst deactivation was observed when correlated with the Damköhler 
number and deactivation induced reduction reaction rates respectively, 
the results show an inverse variation with Damköhler number and 
proportionality to reaction rates. 
 
 
D.4: Abstract for journal paper submitted to Environ. Sci. Technol. 
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UV LED sources for heterogeneous photocatalysis 
Oluwatosin Tokode, Radhakrishna Prabhu, Linda A. Lawton and Peter K. 
J. Robertson. 
Abstract 
This review presents an overview of the application of UV LED sources in 
heterogeneous photocatalysis within the context of artificial UV sources. 
The feasibility of UV LEDs as a source of UV irradiation in heterogeneous 
photocatalysis was first demonstrated almost a decade ago however, for 
the most part, photocatalytic experimental setups utilize artificial light 
sources in the form of conventional UV lamps to initiate the desired 
photocatalytic transformations. A look at all sources of UV irradiation 
used in heterogeneous photocatalysis is taken with a focus on the 
growing importance of solid state lighting devices such as UV LEDs. UV 
LEDs have higher external quantum efficiency, a lifetime of over 100000 
hours, are small in size and produce directional UV light which can be of 
the desired wavelength. In recent times, these UV LED sources have 
become widely applied in several studies in the research literature and 
are fast becoming a viable alternative to conventional UV lamps. 
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